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This research explores the reuse of produced water, a byproduct of oil and gas production. 
Produced water represents a substantial volume in oil and gas production that is usually disposed 
of in a Class II injection well. This practice is costly and has been shown to cause induced 
seismicity. Reusing produced water eliminates the need to dispose of it and provides a viable 
new source of water to an ever-growing world. This research first looks at the feasibility of 
reusing produced water for agriculture in Colorado, including evaluation of the legal, economic, 
technological, and environmental aspects of such use. Three research questions are addressed in 
this work: first, in which counties in Colorado is reuse for agriculture most feasible; second, 
what is the volumetric impact of produced water on irrigation demand in these counties; and 
third, is the reuse of produced water for agriculture economically feasible in these counties. 
Results show that Rio Blanco, Garfield, Washington, Weld, Las Animas, and La Plata Counties 
are the primary counties in Colorado where reuse for agriculture is most feasible based on water 
demand, quantity of produced water and quality of produced water. Produced water is found to 
make a substantial volumetric impact on irrigation demand in some of these counties. Using an 
integrated Decision Selection Tool, the cost of treating the produced water in these counties is 
found to be more than the cost of disposal in a private injection well but less than the cost of 
disposal in a commercial injection well. The second part of this thesis looks at the utilization of 
produced water on a broader scale and applies a version of Multi-Attribute Decision Analysis to 
the problem. Several alternatives are compared, including disposal and some reuse options. 
Objectives are discussed, including health, environmental impact, resource availability, and 
economic feasibility. Some general areas of the United States are recommended where reuse of 
produced water may be most beneficial. Additionally, the sensitivity of weights of different 
criteria are evaluated. Overall, results from this research will help inform stakeholders in how 







TABLE OF CONTENT 
 
ABSTRACT. .................................................................................................................................. iii 
LIST OF FIGURES ....................................................................................................................... vi 
LIST OF TABLES ....................................................................................................................... viii 
ACKNOWLEDGEMENTS ........................................................................................................... ix 
CHAPTER 1 INTRODUCTION .................................................................................................... 1 
1.1 Objectives and scope of work ................................................................................... 3 
1.2 Thesis organization ................................................................................................... 4 
CHAPTER 2 WE2ST PUBLIC RELEVANCE .............................................................................. 5 
CHAPTER 3 ASSESSING THE FEASIBILITY OF USING PRODUCED 
WATER FOR AGRICULTURE IN COLORADO .................................................. 7 
3.1 Abstract ................................................................................................................................. 7 
3.2 Introduction ........................................................................................................................... 8 
3.3 Methods ................................................................................................................... 12 
3.3.1 Site selection ........................................................................................................... 12 
3.3.2 Volumetric impact .................................................................................................. 13 
3.3.3 Economic feasibility ............................................................................................... 16 
3.4 Results/Discussion .................................................................................................. 17 
3.4.1 Counties .................................................................................................................. 17 
3.4.2 Irrigation demand .................................................................................................... 24 
3.4.3 Economic feasibility ............................................................................................... 28 
3.5 Conclusions ............................................................................................................. 29 
3.6 Acknowledgements ................................................................................................. 30 
CHAPTER 4 USING MULTI-ATTRIBUTE DECISION ANALYSIS TO 
ANALYZE THE USE OF PRODUCED WATER AT THE 
NATIONAL SCALE ............................................................................................... 31 
4.1 Abstract ................................................................................................................... 31 
4.2 Introduction ............................................................................................................. 31 
4.3 Methods ................................................................................................................... 35 
4.3.1 Define the decision context ..................................................................................... 35 
4.3.2 Assess possible impacts of each alternative ............................................................ 36 
4.3.3 Determine preferences (values) of decision makers ............................................... 37 
4.3.4 Evaluate and compare alternatives .......................................................................... 43 
v 
 
4.4 Conclusions ............................................................................................................. 47 
CHAPTER 5 CONCLUSIONS .................................................................................................... 49 
5.1 Summary of chapter one ......................................................................................... 49 
5.2 Summary of chapter two ......................................................................................... 50 
REFERENCES ............................................................................................................................. 52 

























LIST OF FIGURES 
 
Figure 3.1 Amount of produced water generated in each county in 2017 in barrels. 
Data are from the COGCC. ....................................................................................... 18 
Figure 3.2 The average total dissolved solids concentration (ppm) in produced water in 
each county using data from the USGS Produced Water Database. ......................... 19 
Figure 3.3 Total revenue in dollars in 2012 from the agricultural sector from each 
county. Data are from the 2012 USDA Agricultural Census. ................................... 19 
Figure 3.4 Map of Colorado counties with tight oil (pink), tight gas (yellow), and 
coalbed methane (orange) basins. Data are used from the U.S. Energy 
Information Administration. The six counties analyzed in this study are 
outlined in red. ........................................................................................................... 21 
Figure 3.5 The volume (in barrels) of fluids produced in oil and gas wells in six of the 
counties from 1999 to 2016. Data are from the COGCC. Produced water is 
shown in blue, coalbed methane and natural gas volumes are shown in 
yellow, and oil volumes are shown in red. ................................................................ 21 
Figure 3.6 Total monthly volumes of hydraulic fracturing fluid versus produced water 
volumes in Weld (red), Garfield (magenta), Las Animas (blue), Rio 
Blanco (green), La Plata (black), and Washington (cyan) counties. ......................... 22 
Figure 3.7 Annual gallons of fresh water (black), slick water (cyan), and salt water 
(red) used to hydraulically fracture wells in the six counties. ................................... 23 
Figure 3.8 Results of irrigation demand for all crops from 2010 to 2016 using the three 
methods of estimation. Roundtable estimates scaled by county area are 
shown as a blue star in 2010. Produced water values are shown in blue, 
and the crop factor method for determining irrigation demand is shown in 
green. ......................................................................................................................... 25 
Figure 3.9 Results of irrigation demand for non-food crops from 2010 to 2016 using 
the three methods of estimation. Roundtable estimates scaled by county 
area are shown as a blue star in 2010. Produced water values are shown in 
blue, and the crop factor method for determining irrigation demand is 
shown in green. .......................................................................................................... 26 
Figure 4.1 Structure of decision analysis as described by Keeney et al. (1982) ........................... 33 
Figure 4.2 Value tree of objectives, sub-objectives, performance measures, and 
suggested thresholds. Colors are correlated to the colors of the objectives, 
although the sub-objective “Cost of Treatment/Disposal” is shown in 
green because quality of water affects both the economic and 
environmental objectives. Text in red shows criteria evaluated in this 
study using the MAUT method. ................................................................................ 38 
Figure 4.3 TDS concentrations (ppm) in oil and gas basins in the United States. Data 
are from the USGS Produced Water Database. ......................................................... 39 
vii 
 
Figure 4.4 NLCD land use data for 2011. Urban areas are shown in red while 
agricultural areas are shown in brown and yellow. ................................................... 40 
Figure 4.5 Soil types across the United States. Data are obtained from STATSGO. ................... 41 
Figure 4.6 Oil and gas basins in the United States. Data are obtained from the Energy 
Information Association. ........................................................................................... 41 
Figure 4.7 River basins in the United States of Low to High water stress. Water stress 
is determined based on competition for water resources. Data are obtained 
from the World Resources Institute. .......................................................................... 42 
Figure 4.8  Basins are scored from 0-45 depending on criteria scores and weighting 
scheme. Quantity is weighted 15, quality is weighted 15, and demand is 
weighted 15. ............................................................................................................... 44 
Figure 4.9 Basins are scored from 0-45 depending on criteria scores and weighting 
scheme. Quantity is weighted 30, quality is weighted 10, and demand is 
weighted 5. ................................................................................................................. 44 
Figure 4.10 Basins are scored from 0-45 depending on criteria scores and weighting 
scheme. Quantity is weighted 5, quality is weighted 10, and demand is 
weighted 30. ............................................................................................................... 45 
Figure 4.11 Basins are scored from 0-45 depending on criteria scores and weighting 
scheme. Quantity is weighted 10, quality is weighted 30, and demand is 
weighted 5. ................................................................................................................. 45 
Figure 4.12 NLCD land use data clipped to the extent of coalbed methane basins. 
Urban areas are shown in red while agricultural areas are shown in brown 
















LIST OF TABLES 
 
 
Table 3.1 Literature review of produced water treatment technologies and associated 
costs. ............................................................................................................................. 11 
Table 3.2 Number of active wells in the top 10 producing counties in Colorado in 
2017. Data obtained from the COGCC. ....................................................................... 17 
Table 3.3 The average ratios of produced water volumes (obtained from the COGCC) 
to hydraulic fracturing fluid volumes (obtained from FracFocus) for the 
years 2010-2016. .......................................................................................................... 22 
Table 3.4 Annual irrigation demand (m3) in the six counties using roundtable basin 
estimates scaled by irrigated acres within each county. ............................................... 24 
Table 3.5 The ratios of produced water volumes (obtained from the COGCC) to 
irrigation demand (determined by averaging the five irrigation demand 
estimates)...................................................................................................................... 26 
Table 3.6 The main crops grown in each county, their salinity tolerances, the SAR 
ratio of the produced water in each county and the salinity of the produced 
water in each county..................................................................................................... 27 
Table 3.7 The results from the iDST in the three basins. ............................................................. 28 
Table A.1 Decision matrix for all counties. The weights for each category were 
subjective. Need was given a weight of 5, quality a weight of 10 and 
quantity a weight of 30. The counties were scored on these parameters using 
the Jenks natural breaks system from 1 to 10. ............................................................. 59 
Table A.2 Land use percentages derived from the USDA-NASS Cropland Data Layer 
for the six counties. ...................................................................................................... 61 
Table A.3 Input water quality parameters for the basins run in the iDST and 
agricultural water quality standards ............................................................................. 62 













I would like to acknowledge several institutions and groups of people that have 
contributed to the outcome of this thesis. First, I would like to thank ConocoPhillips for 
generously donating money to fund the Center for a Sustainable WE2ST. This research was 
possible because of that donation. I would also like to thank Karl Fennessey at ConocoPhillips in 
particular for sending data from the IHS database.  
Several people at Colorado School of Mines helped a great deal in making this thesis a 
reality. First of all these people, of course, I would like to thank my advisor, Dr. Terri Hogue. I 
first worked for Terri as an undergrad and was able to learn about Hydrology through being a 
part of her group (although at that time much of what went on in the meetings was well over my 
head). She then allowed me to apply, and then be a part of the WE2ST Center, for which I will be 
forever grateful. It was the perfect group in which to explore an interest in water resources and 
gain insights into its multi-faceted world. I would also like to thank my committee member and 
co-author Dr. Tzahi Cath who introduced me to the integrated Decision Selection Tool and who 
took the time to explain different processes of treating produced water. I would also like to thank 
my co-advisor, Dr. Adrianne Kroepsch. She has helped me understand the tangled web that is 
Colorado water law (or at least part of it) and led me to some papers that proved crucial to my 
work and future research in water policy. Other than my committee, members of the WE2ST 
research group were invaluable resources to have in the office. Chris Ruybal explained countless 
concepts to me that would have taken me exponentially longer to figure out on my own. Karl 
Oetjen and Kara Marsac taught me many grad school life tips that made my life so much easier 
than it would have been without them. Erin Sedlacko helped me to (partially) understand the 
complexities in plant contaminant uptake. And everyone else in WE2ST as well as the Hogue 
group contributed to an amazing grad school experience over the past two years. 
Finally, I’d like to thank my friends and family who have always supported me in my 
dream to become a Hydrologist and have listened to five years of venting about classes or at 
Mines in general. My parents helped nurture a passion for learning as well as a determined work 
ethic. Without these traits, graduating from Mines with degrees in Geophysics and Hydrology 




CHAPTER 1  
INTRODUCTION 
 
Water resources have had a rich and contentious history in the western United States. 
Surface water resources have been over-appropriated, ground-water resources have been over-
pumped, and new sources of water from desalination, to cloud seeding, to water reuse are being 
explored (Schlager & Heikkila, 2011). To effectively manage the amount of usable water 
available, water resources engineers continuously model snowmelt and precipitation. Climate 
change will hinder these efforts as snowmelt occurs earlier in the season and as precipitation 
patterns become more erratic (Barnett, Adam, & Lettenmaier, 2005; Trenberth, 2011). 
Additionally, population increases in the west will raise demand for an already scarce resource 
(Campbell, 2014).  
In an attempt to develop new water resources, several states are beginning to reuse 
produced water (C. Clark & Veil, 2009). Produced water, a byproduct of oil and gas production, 
has long been viewed as a waste product and disposed of as such. However, the practice of deep-
well injection has been under increasing public scrutiny as experts have pointed out the 
connection between fluid injection and induced seismicity (Chang & Segall, 2016; Ellsworth, 
2013; Guglielmi, Cappa, Avouac, Henry, & Elsworth, 2015). Produced water is present in large 
volumes in both conventional and unconventional oil and gas production. Unlike conventional 
oil and gas production, where “oil and natural gas flows naturally or can be pumped to the 
surface” (Alberta Energy Regulator, 2013), unconventional resources necessitate the use of force 
outside of natural pressure in the subsurface to develop resources. Hydraulic fracturing is one 
example of unconventional development. Hydraulic fracturing consists of the use of fluid 
injected into the wellbore in order to fracture the formation and therefore allow oil and natural 
gas to flow more freely to the surface. After a well is hydraulically fractured, the initial return 
flows are primarily composed of the injected fluid (appropriately deemed “flowback”) while the 
return flows later in the well’s life are dominated by water from the formation (Kondash, 
Albright, & Vengosh, 2017a). Therefore, while the returned water may increase in salinity over 
time, the concentration of contaminants from the injected fluids should decrease (Rosenblum et 
al., 2017a). When reporting volumes of water produced, flowback and produced water are 
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lumped together under the umbrella of produced water. When disposed of in an injection well, 
produced water represents an enormous volume of waste product. Oil and gas operations in 
Colorado alone generate hundreds of millions of barrels of produced water each year (COGCC 
Data, 2018). Produced water in Colorado is not only abundant, but also has a higher quality than 
produced water in basins such as the Permian or the Marcellus (USGS, 2016), leading 
stakeholders to begin viewing produced water in the context of beneficial use. The statutes in 
Colorado (CRS 37-92-107) define beneficial use as “the use of that amount of water that is 
reasonable and appropriate under reasonably efficient practices to accomplish without waste the 
purpose for which the appropriation is lawfully made”. This vague definition results in a wide 
variety of beneficial uses ranging from dust suppression to municipal use.  
Until recently, use of water for oil and gas production was not considered a beneficial use 
in Colorado. In 2005, ranchers became uneasy about the amount of withdrawals in the San Juan 
Basin for coal bed methane production (Thorne & Caile, 2013). They were concerned that this 
withdrawal was affecting stream levels and the groundwater table and therefore influencing 
water rights in the area. They maintained that water use for the purpose of producing oil and gas 
should be deemed a beneficial use and, therefore, operators must obtain water well permits and 
produce augmentation plans to satisfy senior water rights. This concern resulted in the Vance vs 
Simpson case in 2005. The Colorado Supreme Court ruled in their favor, meaning that operators 
wishing to withdraw water for oil and gas production must obtain a water right and that oil and 
gas wells were now under the jurisdiction of the State Engineer (Thorne & Caile, 2013). Due to 
the complex nature of Colorado’s water courts, this ruling meant a lengthy delay in production. 
Thus, House Bill 1303 was written to allow a transition period for oil and gas producers to 
maintain production while applying for a water right. Shortly afterward, Senate Bill 165 was 
written to amend the Supreme Court ruling so that it only applied to wells that withdraw tributary 
water, or water that is connected to the surface system.  This ruling therefore meant that 
operators within non-tributary formations were exempt from obtaining a well permit.  
Non-tributary water is groundwater that, when pumped, will not influence water on the 
surface. Non-tributary water does not fall under the prior appropriation system of “first in time 
first in right”. It may be used and reused until consumption without the need for an augmentation 
plan. Non-tributary water is owned by the overlying landowner but may be used by other entities 
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with the consent of the landowner. The State Engineer’s office designates non-tributary 
formations. Designation is based off of geologic reports and groundwater models. In December 
2009 and January 2010, the State Engineer issued the “Produced Non-tributary Ground Water 
Rules” which designated around two dozen areas and formations around the state as non-
tributary (Thorne & Caile, 2013). Around 85% of hydrocarbon formations in Colorado are 
deemed non-tributary (Curtis, 2014), meaning most produced water in the state may be used for 
beneficial use without a well permit or augmentation plan. According to Colorado Regulatory 
Statutes 37-90-137(7)(a), these beneficial uses include road-spreading, enhanced recovery, 
drilling, well stimulation, well maintenance, pressure control, pump operations, dust control, 
pipeline and equipment testing, fire suppression, and discharge into state waters. Wellington, 
Colorado has been discharging its produced water into shallow aquifers since 2008 (Stewart & 
Takichi, 2005). The city then uses this water for municipal use.  
Now that the legal battle has been fought, stakeholders must think of the economic, 
hydrologic, and technologic feasibility of reusing produced water. This research attempts to 
address these questions in the context of reuse for agriculture. Agriculture is the major 
consumptive user of water in Colorado, though production has decreased due to the transfer of 
water rights from farmers to municipalities (CWCB, 2015). The reuse of produced water may 
help bridge the gap between demand and supply of water resources in this sector. 
1.1   Objectives and scope of work 
The overall objective of the first chapter of this thesis is to determine the feasibility of reusing 
produced water for agriculture in Colorado. With that primary objective, the study will attempt to 
answer three driving questions. 
1. In what counties in Colorado would the reuse of produced water for agriculture be the 
most feasible? 
2. What is the volumetric impact on irrigation demand of produced water in these counties? 
3. Is the reuse of produced water for agriculture economically feasible? 
The second research chapter of this thesis provides a brief overview of how Multi-Attribute 
Decision Analysis (MADA) can help in the decision of whether or not to reuse produced water. 
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This chapter looks beyond the reuse for agriculture and explore the possibilities of other 
beneficial uses. This chapter will attempt to answer three questions. 
1. What objectives should be included in the decision-making process of how to handle 
produced water? 
2. Where are some areas of the United States that meet the thresholds of these objectives? 
3. How sensitive are the scores in a multi-attribute utility theory problem to the weights of 
criteria? 
The results of this thesis will serve to inform decision makers on how best to proceed with 
managing Colorado’s, or other state’s water. 
1.2   Thesis organization 
This thesis is organized into five chapters. The first chapter (the Introduction) introduces the 
issue at hand and what the objectives of the research are. The second chapter addresses the 
importance and public relevance of the WE2ST research program at Colorado School of Mines. 
The third chapter is comprised of a feasibility assessment of reusing produced water for 
agriculture in Colorado. The fourth chapter analyzes the issue of the reuse of produced water in 
the sphere of decision analysis. The fifth chapter concludes the thesis and highlights the 
takeaways of the research and addresses its implications. The Appendix includes additional 













CHAPTER 2  
WE2ST PUBLIC RELEVANCE 
 
The ConocoPhillips Center for a Sustainable Water-Energy Education, Science and 
Technology (WE2ST) focuses on the food-energy-water nexus in the western United States and 
attempts to solve problems present within that sphere. The WE2ST Center was founded in 2014 
when ConocoPhillips generously gave Mines a donation to pursue research in the food-energy-
water nexus field. The donation has funded multiple students to conduct research at the Colorado 
School of Mines. The Center fully funds graduate students pursuing a range of degrees at Mines, 
including in Civil and Environmental Engineering and Hydrologic Science and Engineering. So 
far, the Center has graduated three PhD students and five Master’s students as of May 2018. The 
Center also supports many undergraduate students in a wide array of fields including Math, 
Petroleum Engineering, and Chemical Engineering. Graduate and Undergraduate students are 
given specific training in unconventional energy production and how to communicate 
information about unconventional energy production to the public. Additionally, the Center 
conducts education and outreach activities in nearby communities. Students assist in classrooms, 
lead field trips, judge science fairs, and assist in community events.  
 Research within the WE2ST Center ranges from conducting geochemical modeling of 
hydraulic fracturing fluid in wells, to surveying social acceptance of oil and gas production in 
certain communities, to evaluating contaminant uptake in crops irrigated using produced water. 
This research focuses on the feasibility of using produced water for agriculture in Colorado and 
on the national scale. This includes looking into legal implications, economics, environmental 
damage, and technological feasibility. This research began by looking specifically in Colorado 
since the state has a rapidly growing population and an inherently arid climate. Therefore, 
Colorado is in need of new sources of water. However, operators in Colorado have not yet begun 
irrigating crops with produced water, although this practice has been conducted with success in 
other states. The second part of this research broadens the issue to the entire United States and 
looks at the feasibility of different types of beneficial use in addition to agriculture. This chapter 
simply provides a brief overview of important considerations policymakers should think about 
when determining how to deal with produced water. The results of this thesis may be used by 
stakeholders in Colorado, or beyond, to either aid in the decision of reusing produced water or to 
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simply learn more about different elements inherent in this issue. Although the WE2ST Center 
may not exist forever at the Colorado School of Mines, the research generated by students and 


























CHAPTER 3  
ASSESSING THE FEASIBILITY OF USING PRODUCED WATER FOR AGRICULTURE IN 
COLORADO 
 
Modified from a paper submitted to: Science of the Total Environment 
 
Flannery Dolan1,2, and Tzahi Cath1, and Terri S. Hogue1,2 
3.1 Abstract 
According to estimates from the Colorado Water Plan, the state’s population may double by 
2050. Due to increasing demand, as much as 0.8 million irrigated acres may dry up statewide 
from agricultural to municipal and industrial transfers. To help mitigate this loss, new sources of 
water are being explored in Colorado. One such source may be produced water. Oil and gas 
production in 2016 alone produced over 300 million barrels of produced water. Currently, the 
most common method of disposal of produced water is deep well injection, which is costly and 
has been shown to cause induced seismicity. Treating this water to agricultural standards 
eliminates the need to dispose of this water and provides a new source of water. This research 
explores which counties in Colorado may be best suited to reusing produced water for agriculture 
based on a combined index of need, quality of produced water, and quantity of produced water. 
The volumetric impact of using produced water for agricultural needs is determined for the top 
six counties. Irrigation demand is obtained using evapotranspiration estimates from a range of 
methods, including remote sensing products and ground-based observations. The economic 
feasibility of treating produced water to irrigation standards is also determined using treatment 
costs found in the literature, an integrated decision selection tool (iDST), and disposal costs in 
each county. We find that produced water can make a substantial volumetric impact on irrigation 
demand in some counties. Results from the iDST indicate that while costs of treating produced 
water are higher than the cost of injection into private disposal wells, the costs are much less than 
disposal into commercial wells. The results of this research may aid in the transition between 
viewing produced water as a waste product and using it as a tool to help secure water for the arid 
west. 
                                                          
1 Civil and Environmental Engineering, Colorado School of Mines, Golden, CO  
  




Agricultural production in the arid western United States has long been constrained by water 
resources. Global climate change will exacerbate this problem because higher temperatures will 
accelerate crop growth but reduce maturity time, and therefore yields (Islam et al., 2012). 
Population growth puts additional pressure on water resources. Colorado in particular has been 
experiencing rapid population growth—by 2050, Colorado’s population is estimated to double 
(CWCB, 2015). To meet water demand, municipalities in Colorado are buying agricultural water 
rights in a process known as “buy and dry” (Mclane & Dingess, 2014). As a result, an estimated 
0.8 million acres (3,237 km2) of irrigated land may dry up by 2050. According to the Colorado 
Water Plan, there may be a supply gap of up to 500,000 acre-feet (0.6 billion m3) of water in 
Colorado by 2050 (CWCB, 2015). The Colorado Water Plan gathered estimates from roundtables, 
which consist of stakeholders from the major basins in Colorado, to determine how much the gap 
could be closed through conservation strategies and new reservoir projects. The roundtables 
estimated that conservation strategies could reduce the projected supply gap, but would not be 
enough to close it (CWCB, 2015). Additionally, large-scale reservoir projects and trans-basin 
diversions are frequently politically and economically untenable. Therefore, Colorado is under 
pressure to find new or alternative sources of water to fill this projected gap. 
In recent years, some western states have begun viewing produced water, a byproduct of oil 
and gas production, as a viable new source of water (C. Clark & Veil, 2009). In 2016 alone, oil 
and gas wells in Colorado produced over 47 million m3 (300 million barrels) of produced water 
(COGCC Data, 2018)—commonly a very contaminated waste stream. The primary method of 
managing/handling produced water in most states, including Colorado, has been injection into 
Class II disposal wells (C. Clark & Veil, 2009). This process is costly (McCurdy, 2011) and has 
been shown to induce seismic activity (Chang & Segall, 2016; Ellsworth, 2013; Guglielmi et al., 
2015). Across the nation, the combination of increasing regulatory pressure and limited access to 
disposal wells has encouraged states to begin the transition to reusing produced water. In Colorado, 
approximately a third of produced water is being reused for enhanced recovery purposes for oil 
and gas production (C. Clark & Veil, 2009). Even after reuse for enhanced recovery, some wells 
may generate more produced water than is needed for this purpose. In this scenario (e.g., reduced 
exploration and fracking), new uses of treated produced water may be needed. 
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Consuming 83% of total water resources, agriculture is Colorado’s main consumptive user of 
water (CWCB, 2015) and therefore is a likely end-use of produced water. The reuse of produced 
water for irrigation is not a new concept. Several states, including California, Montana, and 
Wyoming have started seeing the advantages of this beneficial use. Beneficial use is defined by 
the Colorado Regulatory Statutes as “the use of that amount of water that is reasonable and 
appropriate under reasonably efficient practices to accomplish without waste the purpose for which 
the appropriation is lawfully made” (C.R.S. § 37-92-107). Other examples of beneficial use include 
dust suppression, livestock watering, and municipal use.  
In Colorado, the reuse of produced water for beneficial purposes is governed by the Colorado 
Regulatory Statutes (C.R.S. § 37-90-137(7)(a)). The beneficial uses specified in the statutes 
include road-spreading, enhanced recovery, drilling, well stimulation, well maintenance, pressure 
control, pump operations, dust control, pipeline and equipment testing, fire suppression, and 
discharge into state waters. Therefore, as long as produced water is discharged into state waters 
initially, it may be used for other purposes. Wellington, Colorado, has been reusing its produced 
water to augment shallow aquifers since 2008 (Stewart & Takichi, 2005). The city then extracts 
and uses this water for municipal use. Wellington faced multiple regulatory hurdles before putting 
produced water to beneficial use (Stewart & Takichi, 2005); however, legislation has recently been 
passed to accelerate the regulatory process for reuse of produced water (C.R.S. § 37-90-137(7)(c)) 
(Curtis, 2014). While irrigation using produced water has not yet occurred in Colorado, other states 
have been successfully using produced water for this purpose. Montana and Wyoming have begun 
to make use of their produced water originating in coalbed methane (CBM) formations in the 
Powder River Basin. The water that saturates these coal seams is a byproduct of CBM production 
and is generally much less saline than produced water from conventional hydrocarbon formations. 
The lower concentration of total dissolved solids substantially decreases the cost of treating this 
water. Approximately 13% of the CBM water in Wyoming and 26% of the CBM water in Montana 
were used for irrigation in 2009 (C. Clark & Veil, 2009). 
In a 2005 report, Harvey et al. summarized the challenges of reusing CBM water in the Powder 
River Basin. The main barriers of reuse for agriculture are the salinity, sodicity, alkalinity, and 
specific ion toxicity of the produced water (Harvey & Brown, 2005). The salinity of produced 
water does not alter the physical soil properties but limits the plant’s ability to uptake water. 
Salinity tolerances for various crops vary widely, though grains and grasses are among the most 
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salt tolerant crops (FAO, 1985). Alternatively, the sodicity of the water directly impacts the 
permeability of the soil. The degree of change in permeability depends on the amount of clay in 
the soil. Negatively charged clay particles attract cations such as sodium, calcium, and magnesium 
in the water. When the proportion of sodium to calcium and magnesium (sodium adsorption ratio 
(SAR)) is high, clay particles repel each other and cause the clays to swell and degrade, reducing 
the permeability of the soil. Alkalinity at neutral pHs exists primarily as bicarbonate, which will 
precipitate available calcium and magnesium in the water, thus raising the SAR. Lastly, specific 
ion toxicity must be taken into consideration. High concentrations of sodium, chloride, and boron 
can be toxic to certain crops (Harvey & Brown, 2005), and therefore, the type of crop is an 
important consideration when using produced water for irrigation. 
Examples of produced water reuse also occur outside of coalbed methane basins. Kern County 
in California has been reusing its produced water for agriculture for decades (Waldron, 2005). In 
1994, Chevron (then Texaco) and the Cawelo Water District made a mutually beneficial deal to 
reuse produced water. Chevron treats its produced water with walnut shell filters and sells the 
water to the water district for agricultural use. Though this practice has been met with some recent 
public backlash (Cart, 2015), the food products grown with this water have been distributed 
nationally for years (California Water Boards, 2016). 
Although some studies have shown success in irrigating without treatment, the mostly 
unknown chemical composition of produced water impels the use of conventional treatment to 
mitigate health risks. Due to its chemical complexity, the task of treating produced water to 
agricultural standards may seem daunting; however, some studies have shown treatment to be 
technologically and economically feasible when comparing the cost of treatment to the cost of 
disposal in commercial wells (McCurdy, 2011). Data from studies detailing the treatment of 
produced water to agricultural standards or potable standards in the past fifteen years are 









Table 3.1 Literature review of produced water treatment technologies and associated costs. 
Treatment Train Cost per 
Barrel 
Reference 
– Ultra-low pressure reverse osmosis $0.04 Xu, Drewes, & Heil, 2008 
– Oil separator, Degasser, Electrocoagulator, 
bagfilter, ultrafiltration, reverse osmosis, 
dolomite 
$0.775 Szép & Kohlheb, 2010 
– Ceramic membranes $0.53-
$1.66 
Weschenfelder, Mello, Borges, 
& Campos, 2015  
– Forward osmosis and brine reconcentration 
and polishing 
$3.00 Coday, Miller-Robbie, 
Beaudry, Munakata-Marr, & 
Cath, 2015  




Stewart & Takichi, 2005 
 
It is important to remember that the cost of treating produced water is highly dependent on 
the quality of the influent, the price of electricity, the capacity of the plant, the intended quality of 
the effluent, and the treatment train being used. Additionally, whether or not an author deems the 
treatment “economically feasible” depends on the cost of disposal by other methods, including 
deep well injection and the cost of transportation. 
Overall, other studies have assessed the technological and economic feasibility of treatment 
trains for treating produced water and have discussed the effect of irrigating with produced water. 
The current work builds on previous studies to determine the feasibility of reusing produced water 
for agriculture, specifically in Colorado. Colorado is relatively new to the frontier of reusing 
produced water, yet its arid climate and rapid population growth prompt the discovery of new 
sources of water. Thus a feasibility study of the reuse of produced water in Colorado may be 
especially beneficial to policymakers in the state. The current research explores the feasibility of 
reusing produced water in Colorado and determines the volumetric impact of produced water reuse 
on local irrigation demand. The economic feasibility of treating produced water to agricultural 
standards is also assessed using an integrated Decision Support Tool. Our goal is to provide 
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policymakers with the relevant information needed to make informed decisions about the reuse of 
produced water in Colorado. 
3.3  Methods 
3.3.1  Site selection 
To evaluate the feasibility of reuse of produced water for agriculture in Colorado, three 
parameters were considered. First, the quantity of produced water in each county was examined. 
If large quantities of produced water are not available in a specific locality, there will be little 
economic incentive to build a treatment plant to reuse this water. Data from the Colorado Oil and 
Gas Conservation Commission (COGCC) production database were used to determine monthly 
volumes of produced water in each county (COGCC Data, 2018). 
Next, the quality of the produced water in each Colorado County was considered. Quality is a 
crucial factor in determining the economic feasibility of treating the produced water. Preferable 
water quality would include low salinity and low concentrations of metals and other contaminants. 
Higher salinity leads to higher energy consumption to treat the water, and therefore a higher cost. 
Data from the USGS Produced Water Database were used in analyzing water quality (USGS, 
2016). Initial analysis of water quality included salinity (TDS), heavy metals, and several 
carcinogens. However, most of the concentrations of constituents such as benzene, selenium, or 
lead were below their respective maximum contaminant levels (MCLs) in most counties (US EPA, 
2017). Because these constituents would not have to be treated for, they were not considered in 
the final analysis. Initially, concentrations of individual ions such as sodium, chloride, magnesium, 
and calcium were analyzed. However, the relative percentages of these ions as a composition of 
TDS were very similar across counties. Thus, only TDS was analyzed in the determination of 
produced water quality. 
Lastly, the potential agricultural demand for water in each county was also taken into 
consideration. Need was based on the total economic output of each county’s agricultural sector. 
Since agriculture is the major consumptive user of water in Colorado, counties that produce more 
agriculture will use more water. The economic side of this assessment also gives a slight preference 
to counties producing more valuable crops. Data were used from the 2012 USDA Agricultural 
Census for this assessment (USDA, 2014). 
To determine the most feasible counties for reusing produced water, a decision matrix was 
developed to include the three parameters: quantity, quality, and demand (Table A.1 in the 
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Supplementary Material). Each county was ranked in each of these parameters using the Jenks 
natural breaks classification in ArcGIS. The Jenks system uses an iterative method to split counties 
into classes (Jenks, 1967). The system increases variation between classes and minimizes variation 
within classes. Each county was ranked from 1 to 10 using this approach. Parameters were then 
assigned weights (subjectively). Quantity was given a weight of 30, quality was given a weight of 
10, and demand was given a weight of 5. The product of the weights was summed to give a final 
score for each county. For example, Weld County scored an eight in ‘Quantity’, a four in ‘Quality’, 
and a ten in ‘Demand’, resulting in a final score of 330 (8*30+4*10+10*5=330). The six counties 
with the highest final scores were deemed preferable. 
Operators will have greater incentive to reuse produced water if the ratio between produced 
water and oil and gas is higher. This means there is a greater waste-product and a greater need to 
dispose of that waste. Therefore, the percentages of produced water, natural gas, and oil were 
analyzed in the wells in each of the final selected counties to find areas where the incentive for 
reuse would be highest. To assess the relative percentages to other produced fluids in these 
counties, data from the COGCC were analyzed for oil, coalbed and natural gas, and produced 
water volumes in these counties (COGCC Data, 2018). From a practical standpoint, operators may 
only consider reuse for agriculture if there is excess produced water available after reuse for 
enhanced recovery in Colorado. As hydraulic fracturing is a form of enhanced recovery (EPA, 
2016), the volume of fluid needed for hydraulic fracturing in the selected counties was compared 
to the volume of produced water to determine if any excess is available for agricultural reuse. 
Hydraulic fracturing fluid volumes from FracFocus were aggregated per month for each county 
and monthly produced water volumes were obtained from the COGCC (FracFocus, 2015;COGCC 
Data, 2018). Finally, the IHS database, a private database of oil and gas activity, was used to 
determine if slickwater, freshwater, or saltwater was used to hydraulically fracture in each county 
to better assess the feasibility of reuse (“US Data Online: Well and Production Data | IHS Markit,” 
2018). 
3.3.2  Volumetric impact 
Volumetric impact of produced water on irrigation demand was also assessed for the six 
counties with the highest Jenks scores. An estimate of irrigation demand was based on several 
methods. USDA-NASS (National Agricultural Statistics Service) landcover data were used to 
determine total irrigated acres in each county (Boryan, Yang, Mueller, & Craig, 2011). USDA-
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NASS data for Colorado were brought into ArcGIS and clipped for each county. A distribution of 
landcover was exported and percentages of each landcover type were determined. Only crops 
making up over 0.2% of the area of the county were used in the total area of irrigated acres. The 
summed area of these crops was used as an estimation of total irrigated acres in each county. A 
breakdown of landcover percentages for each county is included in the Supplementary Material 
(Table A.2). 
The basin roundtables also produced detailed expected water use for irrigation, municipal, and 
industrial use, and expected conservation in the future. The estimates for irrigation demand were 
scaled to the area of each county to give an approximation for county demand as opposed to basin 
demand. This method has some inherent uncertainty, as there will be differing percentages of 
irrigated acres in each county as compared to the basin as a whole (CWCB, 2010). 
Five evapotranspiration (ET) methods were utilized to estimate irrigation demand from crops. 
One remote sensing method, three model estimates and one crop factor method were each 
developed and then used to find a multi-model estimate of irrigation demand. The approach of 
using ET estimates as a proxy for irrigation demand has been used extensively in the literature 
(Droogers, Immerzeel, & Lorite, 2010; G. & Papadavi, 2013; Gontia & Tiwari, 2010; I. et al., 
2012). SSEBop, NLDAS VIC, NLDAS Noah, and NLDAS Mosaic products were collected for 
each county (Xia et al., 2012; Senay et al., 2014). SSEBop, the Simplified Surface Energy Balance 
approach, uses the Penman-Monteith equation to estimate potential ET for each grid cell. ET 
fractions are then applied to this value based on Land Surface Temperature (LST). Cold (wet and 
vegetated) cells represent maximum ET while hot (bare and dry) cells represent low ET. ET is 
scaled between these values based on the LST. Hot and cold pixels are determined from maximum 
and minimum air temperature for an 8-day period (Senay et al., 2014). 
The North American Land Assimilation System (NLDAS) combines satellite measurements, 
radar estimations, precipitation gauges, and atmospheric observations with several different land 
surface models in order to improve climate estimates (Xia et al., 2012). VIC (Variable Infiltration 
Capacity) (Liang, Lettenmaier, Wood, & Burges, 1994), Noah (Ek, 2003), and Mosaic (Koster & 
Suarez, 1994) are three different land surface models incorporated in the NLDAS system. Monthly 
datasets from each model simulated ET were downloaded, rasterized, and then clipped to the extent 
of each county. The mean of these clips was taken for each month. The means were multiplied by 
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the area of total irrigated acres to obtain a volume. To obtain an estimate of demand for non-food 
crops, the means were multiplied by only the areas occupied by alfalfa and other hay. 
The crop factor method required first estimating potential ET (PET) from climate variables 
from the University of Idaho’s METDATA (Abatzoglou, 2013). METDATA combines the high 
spatial resolution of PRISM (Prism Climate Group, 2016) with the high temporal resolution of 
NLDAS to construct a temporally and spatially high-resolution dataset (Abatzoglou, 2013). Using 
the same method as with the NLDAS data, the METDATA was rasterized and clipped to the extent 
of each county and then averaged. A crop coefficient method was then used to estimate irrigation 
demand from PET. This method was first described by Allen et al in 1998 and has been used 
extensively since then to determine irrigation demand (Farg et al., 2012 ; Gontia & Tiwari, 2010; 
Lazzara & Rana, 2010; Allen et al., 1998). Crop coefficients were found from the UN Food and 
Agriculture Organization (FAO) for each of the crops included in the total irrigated acres estimate 
(Allen et al., 1998). For each month, the crop coefficient for each crop was multiplied by the 
monthly potential evaporation rate and then by the area occupied by each crop. The resulting 
volumes for each crop were summed to find the irrigation demand of all crops and the volumes for 
alfalfa and other hay were summed to find the irrigation demand of non-food crops. The final 
volumes using the five ET estimates were then averaged and summed over the designated time-
period. The resulting sums were used to divide the sums of the total produced water over the time-
period to obtain ratios of produced water over irrigation demand for each county. 
SAR of produced water in the six counties was calculated using data from the USGS Produced 
Water database (USGS, 2016). SAR can be calculated using Equation 3.1: 
 




Salinity was found using the average concentration of sodium in the six counties from the Produced 
Water Database. Salinity tolerances for the three main crops in each county were obtained from 
FAO reports (FAO, 1985). 
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3.3.3  Economic feasibility 
Economic feasibility was determined using a literature review of treatment technologies for 
treating produced water and by using an integrated Decision Selection Tool (iDST) that generates 
treatment trains and their costs. These costs in turn were compared to the cost of deep well 
injection. 
The iDST used is the Produced Water Treatment and Beneficial Use Screening Tool, which 
optimizes the most effective treatment trains based on lowest cost (Geza et al., 2016). The user can 
supply the tool with water quality data, or may choose from a list of 11 source waters, including 
brackish water, municipal wastewater, surface water, CBM produced water, and oil and gas 
produced water (Geza et al., 2016). A list of basins is then displayed once a source type is chosen. 
For example, if the user chooses CBM produced water, the options of available basins include the 
Raton basin and the San Juan Basin. The user then picks the flow rate and the units of the 
calculations. Then, the importance of different parameters is ranked (e.g., energy use, efficiency, 
etc.). The user then decides on a beneficial use for which the effluent is intended (e.g., dust 
suppression, agriculture, potable use, etc.) and the tool puts together a treatment train for the lowest 
cost in order to treat the input water to the needed effluent quality. The current study uses the 
second version of the tool. 
The iDST was run for CBM source water in the Raton and San Juan Basins (Las Animas and 
La Plata Counties, respectively), for conventional produced water in the Denver-Julesburg (DJ) 
Basin in Colorado (Washington and Weld Counties), and for conventional produced water in the 
Barnett Basin in Texas. Because the DJ Basin was not present in the iDST database, water quality 
parameters found in the literature were input in the Water Quality module (Li, 2013; Riley, Ahoor, 
Regnery, & Cath, 2018; Rosenblum et al., 2017b). And because most water quality parameters in 
the Piceance Basin (Rio Blanco and Garfield Counties) were unavailable, the DJ Basin treatment 
train was used to approximate treatment in the Piceance Basin, as concentrations of TDS were 
similar in these two basins (USGS, 2016). The Barnett Basin in Texas was run to show a treatment 
train that would treat produced water of approximately 40,000 ppm TDS to agricultural standards 
in order to serve as a sort of upper bound for water quality standards within the counties. These 
three basins encapsulate a range of water quality, which approximates the water quality found in 
the six analyzed counties. 
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In order to ensure a high-quality effluent, a user preference was set for several treatments to be 
included in each treatment train. Air stripping and walnut shell filters were included to remove 
volatile organic compounds, suspended solids, and oil and grease particles while a SAR adjustment 
treatment was included to prepare the effluent for use on soil. The other treatments included within 
each treatment train depended on the individual quality of the water found within each basin. 
Initially, a user preference was set for reverse osmosis, although this yielded infeasibly high energy 
costs. These treatments were run to achieve a 70% recovery. 
After running the iDST for the three basins, the costs of treatment were compared to the costs of 
deep-well injection to assess the feasibility of treating the water in these treatment trains as 
opposed to simply disposing of it. The EPA estimates that the cost of deep-well injection ranges 
from $0.50 to $2.50 per barrel for commercial sites and may be lower than $0.25 per barrel for 
private injection wells (McCurdy, 2011). 
3.4  Results/Discussion 
3.4.1  Counties 
The quantity of produced water per county in Colorado ranges from hundreds, to hundreds 
of millions, of barrels per year (Fig. 3.1). As expected, the counties with the highest quantity of 
produced water correlate to the densest areas of oil and gas activity (Table 3.2). Interestingly, Rio 
Blanco county produced the highest volumes of produced water in 2017 although other counties 
drilled more wells during that year (“US Data Online: Well and Production Data | IHS Markit,” 
2018). This anomaly may be due to differences in geology between the counties.  
 
Table 3.2 Number of active wells in the top 10 producing counties in Colorado in 2017. Data 









Figure 3.1 Amount of produced water generated in each county in 2017 in barrels. Data are from 
the COGCC. 
The quality of produced water in Colorado also varied substantially between counties, 
ranging from a few thousand parts per million of TDS to over 140,000 ppm in southwestern 
Colorado (Fig. 3.2). The Raton Basin contained some of the highest quality produced water in 
Colorado. The DJ Basin had a wide variability in quality of produced water. Weld county produced 
water contained an average of 20,000 ppm TDS while Washington county, producing from the 
same formations, contained only a few thousand ppm TDS. This inconsistency may be explained 
by the relative depths of wells in these counties. It is important to note that Fig. 3.2 shows the 
average quality of the wells in each county that are accounted for within the USGS Produced Water 
Database. Some counties contained thousands of wells while others contained less than ten. For 
example, although the average TDS in Grand County is the lowest in the database, this number is 
Table 3.2 cont.  
Yuma 3,877 
La Plata 3,319 













only comprised from six wells. This highlights the importance of looking at other factors such as 
quantity of wells when assessing the feasibility of reuse.  
 
Figure 3.2 The average total dissolved solids concentration (ppm) in produced water in each 
county using data from the USGS Produced Water Database. 
 
 
Figure 3.3 Total revenue in dollars in 2012 from the agricultural sector from each county. Data 
are from the 2012 USDA Agricultural Census. 
 
The estimate of water need, using USDA agricultural census data, provides an idea of 
counties with the highest consumptive use of water in Colorado (Fig. 3.3). Outputs ranged from 
some counties producing no agriculture to counties with billions of dollars in revenue from their 
agricultural sector. Counties in the South Platte basin of Colorado especially produced the most 
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agriculture, with Weld County producing $1.8 billion in agricultural sales in 2012 (USDA, 2014). 
According to the Colorado Water Plan, the South Platte Basin will experience the highest amount 
of agricultural to municipal and industrial transfers in the near future (CWCB, 2015). 
The scores for each of the three parameters and the overall scores for each county are 
provided in the decision matrix in the Appendix (Table A.1). Further analysis was conducted on 
only the top six scoring counties: Weld, Washington, Rio Blanco, Garfield, Las Animas, and La 
Plata (Fig. 3.4).  
Fluid volumes for the six determined counties are plotted in Figure 3.5 for 1999 to 2016. 
Counties with the highest ratios of produced water to oil and natural gas production include Rio 
Blanco, Las Animas, and Washington counties. The higher ratio of produced water to other fluids 
prompts a greater incentive to reuse this water. Although Washington County and Weld County 
produce from the same formations, the amount of water generated depends highly on whether the 
wells are producing tight gas, tight oil, or coalbed methane, as is evident from Figures 3.4 and 3.5.  
Hydraulic fracturing fluid volumes were compared to produced water volumes for each of 
the six counties (Fig. 3.6) to determine if excess produced water existed after use for enhanced 
recovery purposes (COGCC Data, 2018; FracFocus, 2014). While produced water volumes were 
of the same magnitude among counties, hydraulic fracturing volumes varied widely. FracFocus 
reported volumes of only hundreds of barrels used for hydraulic fracturing in Washington County 
and up to 25 million barrels in Weld County. This occurred in Wellington, Colorado and led the 
operator to collaborate with a municipality to reuse the water (Stewart & Takichi, 2005).  
The sum of monthly volumes of produced water was divided by monthly volumes used for 
hydraulic fracturing to obtain a ratio for each county of produced water volume over hydraulic 
fracturing volume (Table 3.3). Ratios over one indicate that wells in these counties generate more 
produced water than the volume of water needed for hydraulic fracturing. According to the 
determined ratios, Washington, Las Animas, and La Plata counties generate produced water in 
excess of what needed for enhanced recovery purposes. Operators in these counties therefore have 
the options of either finding other uses for this excess water or of disposing of the water in injection 








Figure 3.4 Map of Colorado counties with tight oil (pink), tight gas (yellow), and coalbed 
methane (orange) basins. Data are used from the U.S. Energy Information Administration. The 
six counties analyzed in this study are outlined in red. 
 
 
Figure 3.5 The volume (in barrels) of fluids produced in oil and gas wells in six of the counties 
from 1999 to 2016. Data are from the COGCC. Produced water is shown in blue, coalbed 






Figure 3.6 Total monthly volumes of hydraulic fracturing fluid versus produced water volumes 
in Weld (red), Garfield (magenta), Las Animas (blue), Rio Blanco (green), La Plata (black), and 
Washington (cyan) counties. 
 
Table 3.3 The average ratios of produced water volumes (obtained from the COGCC) to 
hydraulic fracturing fluid volumes (obtained from FracFocus) for the years 2010-2016. 
County Ratio of Produced Water 




Rio Blanco 0.86 
Garfield 0.32 
Las Animas 19 





Reuse of produced water is more feasible when less chemical additives are used in the 
hydraulic fracturing process. Annual gallons of fluids used for hydraulic fracturing are plotted 
using data from the IHS database for the six counties (Fig. 3.7) (“US Data Online: Well and 
Production Data | IHS Markit,” 2018).  
While none of the six counties are currently using saltwater to hydraulically fracture wells, 
Weld, Garfield, and Rio Blanco counties have started using predominantly slickwater to 
hydraulically fracture. Slickwater contains chemical additives that decrease the viscosity of the 
fluid and thus allow for higher pumping rates. The flowback from slickwater may be more difficult 
to treat and be more detrimental to plants than freshwater due to the myriad of contaminants present 
in the water. Studies continue to find new contaminants present in produced water (Lester et al., 
2015; Thurman, Ferrer, Blotevogel, & Borch, 2014). More conclusive studies should be conducted 
to determine if beneficial use for agriculture is feasible from a health and safety perspective, 
specifically on plant types grown in Colorado.  
 
Figure 3.7 Annual gallons of fresh water (black), slick water (cyan), and salt water (red) used to 
hydraulically fracture wells in the six counties. 
24 
 
3.4.2  Irrigation demand 
As noted from the USDA census data, Washington and Weld counties had the highest percentage 
of land used for agriculture. The main crops grown in Washington in 2011 were winter wheat 
(18.4% of the county’s land), corn (5.06%), and millet (4.95%). In Weld County, the main crops 
were winter wheat (5.5% of the county’s land), corn (5.28%), and alfalfa (4.16%). Agriculture 
covers a smaller portion of the land in the other four counties. Garfield County predominately 
grows alfalfa (4.67% of the county’s land) and a small portion of land is dedicated to growing 
other hay (0.24%) and oats (0.06%). Non-food crops are also dominant in Rio Blanco County 
with 1.3% of the county’s land covered by other hay, 0.58% by alfalfa, and 0.04% by winter 
wheat. The same trend is seen in La Plata County with alfalfa and other hay using 2% and 1.8% 
of the land, respectively, and winter wheat covering only 0.13%. Las Animas County has the 
lowest amount of land dedicated to agriculture. Only 0.32% of the county’s land is designated 
for growing alfalfa, 0.08% to winter wheat, and 0.058% to sorghum. Irrigation demand 
determined by scaling roundtable estimates by irrigated acres is summarized in Table 3.4.  
 
Table 3.4 Annual irrigation demand (m3) in the six counties using roundtable basin estimates 





La Plata Las 
Animas 
All crops 9.90·107 9.11·107 2.13·107 1.01·107 9.95·106 1.39·106 
Non-food 
crops 
3.21·107 4.19·106 2.08·107 9.84·106 9.49·106 8.94·105 
 
The four ET methods (1 remote sensing and 3 model-derived outputs) showed similar 
information (Figs. 3.8 and 3.9): evapotranspiration peaks in the summer months and dips in the 
winter. The magnitudes of the products were also very similar. Irrigation demand was correlated 
with the amount of land used for agriculture in each county, with Washington and Weld counties 
exhibiting the highest demands of around 100 million m3 per year; Garfield county exhibited a 
need of around 20 million m3 per year; La Plata and Rio Blanco needed 5 million m3 per year; 
and Las Animas required approximately 2 million m3 of water per year for all crops. The ET 
estimated from potential ET scaled by crop factors deviated from the four other models but 
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expressed the same seasonality and resulted in peaks with the same magnitude as the other 
models.  The crop factor method (Figs. 3.8 and 3.9) did not correlate as well with the 
evapotranspiration products for non-food irrigation demand estimates. The crop factor-derived 
evapotranspiration substantially over-predicted the model-derived estimates in Washington 
county and under-predicted estimates in Garfield County. 
 
Figure 3.8 Results of irrigation demand for all crops from 2010 to 2016 using the three methods 
of estimation. Roundtable estimates scaled by county area are shown as a blue star in 2010. 
Produced water values are shown in blue, and the crop factor method for determining irrigation 
demand is shown in green. 
 
The ratio of produced water volumes to the averaged evapotranspiration estimates (Table 
3.5) provides an indication of the volumetric impact of reusing produced water for agriculture in 
the counties discussed. Produced water has the largest volumetric impact in the counties that have 
lesser irrigation demands, as can be expected. Produced water can supply 60% of irrigation needs 
for all crops in Las Animas County and approximately 30% in Garfield County. Produced water 
can irrigate approximately 12% of crops in Rio Blanco County, and 4% of crops in Garfield 
County. Ratios were also calculated for non-food crops (alfalfa and other hay). It was determined 
that produced water could supply almost 90% of irrigation needs for non-food crops in Las Animas 
county. The ratios for the remaining counties were similar to the corresponding ratios for all crops. 
To the extent that counties choose to adopt produced water reuse, they may wish to consider 
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irrigating non-food crops initially.  Past studies in water reuse have found that acceptance of reused 
water increases as participants are further removed from the source (Po, Kaercher, & Nancarrow, 
2003).  
 
Figure 3.9 Results of irrigation demand for non-food crops from 2010 to 2016 using the three 
methods of estimation. Roundtable estimates scaled by county area are shown as a blue star in 
2010. Produced water values are shown in blue, and the crop factor method for determining 
irrigation demand is shown in green. 
 
Table 3.5 The ratios of produced water volumes (obtained from the COGCC) to irrigation 





La Plata Washington Weld 
All crops 0.1182 0.0298 0.5993 0.2912 0.0061 0.0049 
Non-food 
crops 
0.1209 0.0303 0.9028 0.3036 0.0267 0.0109 
 
The salinity tolerances of main crops and the average salinities of produced water in each 
of the six counties (Table 3.6) show that irrigators in Las Animas, La Plata, and Washington 
counties may not need to desalinate their produced water prior to reuse for agriculture. However, 
typical SAR values of tolerant plants (including most grains) range from 46-102 (ANZECC & 
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ARMCANZ, 2000); therefore, soils should be treated with gypsum in order to prevent degradation 
if water is not treated using conventional methods. 
The salinity tolerances of the main crops grown in Colorado are higher than for crops such 
as most fruits, vegetables, nuts, and legumes. Reducing or eliminating the need to desalinate the 
irrigation water makes the process much more economically feasible. The salinity of water in the 
Raton and San Juan Basin is similar to water in the Powder River Basin in Wyoming and Montana 
as these basins all produce coalbed methane. Since operators in the Powder River Basin do not 
desalinate their produced water prior to use on crops, this may be a possibility for operators in 
CBM basins in Colorado as well. However, the short-term economic benefits of this method may 
be outweighed by the potential degradation of the agricultural land due to soil salinization. To 
acknowledge this issue, soil surveys should be undertaken before saline water is used to irrigate. 
Additionally, soils with higher permeabilities such as sandy loams may have a higher resistance to 
degradation from saline waters versus silty or clayey loams. According to the SSURGO database, 
Washington and Weld counties are predominantly composed of sandier loams (A and B type soils) 
whereas Las Animas, La Plata, Rio Blanco, and Garfield counties are predominantly characterized 
by clayey loam soils with lower infiltration capabilities (C and D type soils) (Soil Survey Staff, 
2009). 
 
Table 3.6 The main crops grown in each county, their salinity tolerances, the SAR ratio of the 
produced water in each county and the salinity of the produced water in each county. 
Table 3.6 cont.     
 
 
SAR Salinity of PW  
(ppm of Na) 
Main Crops Salinity Tolerances  
(ppm of Na) 
Weld 402 9,309 winter wheat, corn, alfalfa 4,800,1,088,1,280 
Washington 458 1,690 winter wheat, corn, millet 4,800,1,088,N/A 
Rio Blanco 396 9,638 Other hay, alfalfa, winter 
wheat 
6,400,1,280,4,800 
Garfield 491 11,164 alfalfa, other hay, oats 1,280,6,400,N/A 





Table 3.6 cont.     
Las Animas 185 1,212 alfalfa, winter wheat, 
sorghum 
 1,280, 4,800, 
5,440 
 
3.4.3  Economic feasibility 
The iDST was used to calculate the cost of treatment to treat produced water to agricultural 
standards. The treatment trains and annualized costs of treatment for the three runs of the tool are 
shown in Table 3.7. Annualized cost includes operational costs and capital costs amortized over 
the life of the treatment plant. 
 
Table 3.7 The results from the iDST in the three basins. 
 Raton and San Juan 
Basins 
CBM water 




Barnett Basin  
Conventional 
Produced Water 
Treatment Train Clarifier, walnut 








walnut shell filter, 






walnut shell filter, 






Total annualized cost 
($/bbl) 
0.37 0.47 0.51 
 
Overall, the price of treatment within these three basins is more affordable than treatment in 
other basins such as the Permian in Texas, where TDS concentrations can reach upwards of 
100,000 ppm. Treatment prices in the Raton, DJ, and Barnett Basins might be slightly higher than 
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the cost of deep well injection in private wells (~$0.25/bbl) and could be more affordable than 
deep well injection in commercial wells (~$0.50-$2.50/bbl) (McCurdy, 2011). Each treatment train 
contained treatment processes specified by user preference, and treatment processes automatically 
selected by the iDST, including a pretreatment step, a desalination step, and a method of brine 
handling/disposal. As the quality of the water in a basin decreased, additional steps were added by 
the iDST to treat the effluent to agricultural standards. Water quality parameters for each basin 
and agricultural water quality standards can be found in the Supplementary Material (Table A.3). 
To test the validity of the iDST, costs derived from literature were compared to costs outputted 
by the tool. The treatment train presented by Stewart et al. in Wellington, Colorado was 
reconstructed within the iDST. The tool calculated an annualized total cost of $0.41/bbl of treated 
effluent. This estimate was only 21% different than Stewart’s low estimate of $0.51/bbl of treated 
effluent (Stewart & Takichi, 2005). Additionally, an executive at Pioneer national resources 
estimated the cost of treating produced water in Las Animas to agricultural standards to be 
$0.36/bbl of treated effluent (McGuire, 2007). Using the Raton basin as the input in the iDST, the 
calculated cost was $0.28, about 23% different from the quoted estimate. Based on these 
comparisons, the results of the iDST were deemed satisfactory for helping determine the economic 
feasibility. Considering that the iDST uses cost curves (capital cost as a function of system size 
for each process) based on historical information provided by consulting/engineering firms, simple 
updating of these cost curves can make the iDST a much more accurate cost prediction tool. 
A final factor to consider in determining the economic feasibility of reusing produced water is 
the cost of transportation. Depending on how far away the source of the water is from its location 
of reuse, the cost of transporting the water could far outweigh the cost of treatment (Mauter & 
Palmer, 2014). According to literature, the cost of trucking produced water is approximately 
$0.03/bbl/mile (Coday, Miller-Robbie, Beaudry, Munakata-Marr, & Cath, 2015). Therefore, the 
distance traveled drastically impacts the feasibility of reuse. A more affordable alternative might 
be to pipe the produced water to its intended location. 
3.5  Conclusions 
Since before Colorado became a state, regulators were aware of the state’s aridity and the 
need to produce fair but creative legislation to provide enough water for Colorado’s inhabitants. 
With the state’s recent boom in population and the expected continued influx of habitants, water 
stress is an ever-increasing problem. Irrigated acres are expected to decrease statewide as 
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municipalities buy water rights from farmers. California, Montana, and Wyoming have already 
experienced success with irrigating crops with produced water. Our work has shown that several 
areas within Colorado have high potential to use produced water for agriculture on the basis of 
hydrology, irrigation demand, and economics. Specifically, these areas include, Weld, 
Washington, Garfield, Rio Blanco, La Plata, and Las Animas counties. Out of these counties, 
Washington, Rio Blanco, and Las Animas have the highest proportion of produced water to oil 
and gas. Washington, La Plata, and Las Animas counties generate produced water in excess of 
what is needed for enhanced recovery; additionally, these counties have the highest quality of 
produced water. This research has also determined that produced water can make a substantial 
volumetric impact on irrigation needs in several counties. Finally, we found that the cost of treating 
produced water to agricultural standards in these counties is slightly higher than the cost per barrel 
of injection into private disposal wells and is less than the cost per barrel of injection into 
commercial disposal wells. The price of the treated effluent will add economic incentive to treat 
the water as well. 
 As the need to fill the gap between demand and supply grows, regulators in Colorado must 
continue to find creative ways to enhance water supply without negatively impacting a vital sector 
of Colorado’s economy. Reuse of produced water for agriculture could contribute to filling that 
gap under the right circumstances. In the near future, regulators, operators, and farmers may come 
to view produced water as a valuable resource and not a waste.  
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4.1  Abstract 
Multi-Attribute Decision Analysis (MADA) enables decision makers to structure a decision 
problem in a way that contains both values and facts and allows alternative solutions to be 
ranked. Studies have used MADA in multiple disciplines including business, medicine, and 
environmental science over the past few decades. This study uses MADA to structure the 
problem of dealing with produced water, a byproduct of oil and gas production. Multiple states 
have begun reusing produced water for use in hydraulic fracturing operations, agriculture, and 
municipal and industrial use. However, multiple factors complicate reuse decisions such as the 
cost of treatment, and health and environmental impacts. This work provides a general overview 
of the objectives present in this decision and provides a range of alternatives. This study uses a 
weighting method of MADA using the criteria of produced water quantity, produced water 
quality, and water demand and evaluates the sensitivities of different weighting schemes. The 
study also highlights areas of the United States that meet the thresholds of several criteria in the 
decision problem of handling produced water.  While only a general approach to the problem is 
taken since stakeholders were not involved in this study, the results of this study provide a 
helpful framework for assisting in the decision process.  
4.2  Introduction 
For several decades, scientists have recognized the need to provide an impartial and 
transparent system to address problems with multiple criteria, values, and stakeholders. 
Especially as the internet spawns an interconnected world, these multi-attribute decisions will be 
increasingly prominent. Decision-makers must be able to confidently weigh nebulous concepts 
such as culture and aesthetics with more quantifiable objectives such as cost or resource 
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availability. One method of attaining this goal is Multi-Criteria Decision Analysis (MCDA). 
Seppala et al (2002) define decision analysis as “a merger of decision theory and systems 
analysis” (Seppala, Basson, & Norris, 2002). Keeney (1982) describes the discipline as “a 
formalization of common sense for decisions that were too complex for the informal use of 
common sense” (Ralph L. Keeney, 1982).  Keeney states that decision analysis problems can be 
broken down into four steps (Fig. 4.1): 1. Structure the decision problem, 2. Assess possible 
impacts of each alternative, 3. Determine preferences (values) of decision makers, and 4. 
Evaluate and compare alternatives (Ralph L. Keeney, 1982). Additionally, Structured Decision 
Making (SDM) has become popular in recent years (Bradley et al., 2016; Failing, Gregory, & 
Harstone, 2007; Webb et al., 2017). SDM contains the same objectives as decision analysis, 
using six more specific steps instead of four. The myriad of acronyms can leave the casual 
observer to believe that all these systems are different; however, they all follow the same 
inherent structure. 
In the sphere of decision analysis, decisions can be categorized as either a discrete or a 
continuous decision problem. In a discrete (or selection) problem, the decision maker has a set 
list of alternatives to choose between, while a continuous (or synthesis) problem contains an 
infinite number of feasible alternatives. Synthesis problems are often deemed Multiple-Objective 
Optimization (MOO) problems (Schaffer, 1985) while discrete problems are called Multiple-
Attribute Decision Analysis (MADA) problems (Yoon, 1989). MADA can further be broken up 
into categories depending on the type of method used. These methods, among others, are 
elementary, multi-attribute theory, and outranking methods. 
Elementary methods, as the name may suggest, are the simplest methods in decision 
analysis. They do not require a weighting scheme for the criteria. Elementary methods may 
simply analyze the problem from the performance of one variable above all or set performance 
thresholds for multiple attributes in order for the alternative to be deemed successful. Another 
realm of MADA are Multi-Attribute Utility Theory (MAUT) methods. These methods require 





Figure 4.1 Structure of decision analysis as described by Keeney et al. (1982) 
 
Strict preferences mean that within a list of alternatives, the decision maker prefers one over 
another over another (a > b > c). This reasoning follows the transitory property where if a > b > 
c, then a > c. Indifferent preferences follow similar logic where a = b = c and therefore a = c. In 
order to quantify the order of criteria, the criteria are weighted. There are multiple different ways 
to determine weights of the criteria, these are discussed more in depth in other studies (R.L. 
Keeney & Raiffa, 1993; von Winterfeldt & Edwards, 2007; Weber & Borcherding, 1993). After 
the weights of the criteria are decided, the values of the attributes must be normalized to a 
common dimensionless unit. For example, tons of carbon dioxide must be comparable to fish 
population, power generated, capital costs, etc. This normalization can be accomplished using a 
single-attribute utility function. These utility functions will normalize the attribute from 0 to 1 
where 0 is the worst and 1 is the best (Seppala et al., 2002). Utility functions accomplish the 
same goal as value functions; however, utility functions incorporate attitudes towards risk 
whereas value functions do not. If risk is involved, it is represented by probability distribution 
functions over a set of attributes for each alternative. The weights, probabilities, and values of 
each attribute for each distinct alternative are aggregated to obtain a final performance value 
(Seppala et al., 2002). These values can then be ranked for every alternative. The highest value 
represents the alternative that is most preferable to the decision maker. This can be shown 
mathematically using Equation 4.1: 
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For a situation without risk where � represents the weights for each attribute � for every 
alternative �� of m alternatives and � represents the value function (Seppala et al., 2002).  
Similar to multi-attribute utility theory methods, outranking methods also require a 
weighting system for attributes. However, they also allow the use of weak preferences, where 
one alternative may be slightly preferred or equal to another.  This allowance of weak preference 
means that one poorly-performing attribute cannot be compensated for by a well-performing 
attribute.  
Finally, there are a few other methods that are used widely in the decision analysis 
community. One of these methods is the Analytical Hierarchy Process (AHP) (Saaty, 1980). 
AHP weights its criteria like other methods but uses a pairwise comparison on a 1-9 point scale 
and the use of principle eigenvalues in order to calculate weights. It then uses an additive 
preference model to create a hierarchical structure of alternatives. Another technique maps 
alternatives in a Euclidean space with attribute dimensions and judges the best alternatives based 
on distance from the “ideal” solution.  
While there are many existing methods of decision analysis, the methods all contain the 
same key principles. Decision makers must (as Keeney initially suggests) define the decision 
context, construct a list of alternatives, define (and perhaps weight) each attribute, and compare 
the alternatives. Decision analysis has been used for many issues from business models to 
medical risk assessment, to environmental analyses (Dianich & Gupta, 1983; Kiker, Bridges, 
Varghese, Seager, & Linkov, 2005; Thornton, Lilford, & Johnson, 1992). This research will 
analyze the issue of the reuse of produced water in the United States in the terms of a decision 
analysis problem. Produced water is a byproduct of oil and gas production which has recently 
been considered as a viable source of water (Shaffer et al., 2013). With multiple stakeholders, 
values, and criteria to be considered, this issue is a good example of a problem that decision 
analysis can evaluate. The current study analyzes the problem of handling produced water using 
the method that Keeney first proposed in 1982 in four steps. First, defining the decision problem 
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means elucidating the context in which the problem lies. This includes outlaying the legal 
aspects of the issue, the cultural context, the history of the issue, defining the stakeholders, and 
explaining the motivation for solving the issue.  Next, alternatives are selected that show the 
separate solutions in which the issue can be resolved. Perhaps the most difficult step is deciding 
on how to rank or weigh the different criteria within the decision. This step is best left to the 
decision makers and therefore only a brief overview will be provided in this study. Finally, the 
alternatives will be ranked. Framing the problem of handling produced water in terms of MADA 
will provide a helpful first step to decision-makers in developing a fair and mutually-beneficial 
solution.  
4.3  Methods 
4.3.1  Define the decision context 
The United States, throughout history, has made energy independence a priority due to 
economic and security incentives (U.S.A, 2007). Large amounts of capital were and continue to 
be invested in discovering new sources of fossil fuels and developing new technology to more 
effectively extract them (US DOE, 2016). In the 1940s, hydraulic fracturing was introduced as a 
way to extract more fossil fuels than by simply using conventional methods. Hydraulic fracturing 
entails pumping large amounts of fluid into the well-bore in order to fracture the formation rock 
and allow oil and gas to move more freely to the surface. The method uses large quantities of 
water (Gallegos, Varela, Haines, & Engle, 2015) and also produces large volumes of water 
known as produced water. This produced water has been most commonly viewed as a waste 
product and disposed of as such in Class II injection wells (J. Veil & Environmental, 2012). 
Multiple studies have linked high volume injection into these wells with induced seismicity 
(Chang & Segall, 2016; Ellsworth, 2013; Guglielmi et al., 2015). This correlation has led some 
states to start examining the possibility of other alternatives to disposal (C. Clark & Veil, 2009). 
Additionally, especially in the arid western United States, stakeholders have grown uneasy about 
the large consumptive use of this water. Treating this water for reuse would constitute a new 
source of water as well as eliminate the need to dispose of the water and possibly induce 
seismicity. However, the possibility of reuse introduces a whole host of other concerns. For 
example, reuse in hydraulic fracturing introduces the issue of scaling within the wellbore (Igunnu 
& Chen, 2014). Reuse for agriculture introduces the issue of potential soil degradation and crop 
contaminant uptake (Shariq, 2013). Reuse for municipal purposes introduces the possibility of 
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health risks due to contaminants left untreated. All reuse scenarios also involve the issue of 
treatment, which contains technological and economic components. Treatment of produced water 
is made more feasible when the quality of the water is higher. This means that the water contains 
lower concentrations of salts, heavy metals, and oil and grease. In addition to the other concerns, 
the concept of reuse may elicit a negative social response. Studies have shown that participants 
have a strong distrust of reused water. This concern, commonly referred to as the “yuck factor,” 
is usually lessened through educational efforts and as the use of the water is further removed 
from the participant (i.e. use of toilet water instead of as drinking water – or “toilet to tap”) (Po 
et al., 2003). However, the legal component to the issue perhaps outweighs the social 
component. If reuse of produced water is not legally accounted for, it is not considered a feasible 
scenario. The current study operates under the assumption that all reuse scenarios are legal, 
although this is not the case for some states.  
There are numerous stakeholders that should be engaged in the decision-making process 
when determining to reuse produced water. These include oil and gas operators who may seek 
the option with the least economic expenditure, water resource managers looking for new 
sources of water, citizens concerned with the chemicals within produced water, and wastewater 
treatment engineers who work to find a technical solution to treating the water. In carrying out a 
decision analysis problem, it is important to allow each group to define preferences and 
contribute to specifying alternatives. 
4.3.2  Assess possible impacts of each alternative 
As described in the first step, one solution to the problem of reusing produced water is 
disposed of in injection wells. However, this process contains the risk of generating induced 
seismicity, is costly (McCurdy, 2011), and also consumes a perhaps viable source of water.  
Alternatively, the produced water may be reused for other purposes. Though there are 
countless possible ways to reuse this water, this study will analyze the possibility of only a few 
methods. This study will examine the possibility of reuse for municipal and industrial, 
agricultural, and hydraulic fracturing purposes. Aspects of the decision-making process for other 
types of reuse may be gleaned from those specified here.  
When reusing produced water for industrial and municipal purposes, the water must be 
treated to a higher quality than for other uses. The EPA sets secondary drinking water standards 
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that should be used as treatment standards for produced water for this use (US EPA, 2017). 
However, even these comprehensive standards do not include contaminants in produced water 
that are unknown to the public. As oil and gas companies are in essence in competition with each 
other, they produce different fracturing fluids whose chemical makeup is not required to be 
disclosed to the public in some states (Maule, Makey, Benson, Burrows, & Scammell, 2013). 
This raises the concern that if wastewater engineers do not know what to treat for, they cannot 
possibly treat harmful contaminants.  
This concern is also present in the case of agricultural reuse. Few studies have been 
undertaken to analyze plant uptake of different contaminants present in produced water. 
However, food crops have been grown for decades in California using produced water under the 
supervision of state advisory boards and the boards have concluded that the crops have not yet 
posed any health risk to consumers (California Water Boards, 2016). In addition to health 
concerns, stakeholders may worry about environmental degradation due to reuse of produced 
water for agriculture. Salts and other contaminants within the produced water may influence the 
fertility of agricultural land. Soils with higher permeabilities are therefore preferable when 
irrigating with reused water. However, if produced water is treated to remove salts and other 
heavy metals, this issue may not seem as important to decision makers.  
Finally, reuse of produced water for hydraulic fracturing is a viable option. Operators are 
not required to treat the water to pristine standards, which lowers the cost of this alternative 
substantially. Reuse of produced water for hydraulic fracturing also largely eliminates social 
concerns. For these reasons, reuse of produced water for hydraulic fracturing has been the most 
used reuse alternative in recent years (C. Clark & Veil, 2009). In order to rank each alternative, 
the criteria must be enumerated and assigned weights. 
4.3.3  Determine preferences (values) of decision makers 
When deciding how to handle produced water, stakeholders should consider several 
different criteria. Among others, stakeholders should discuss economic, resource availability, 
health, and environmental objectives. These criteria are interconnected (for instance, resource 
availability will affect whether a treatment plant is economically viable) but may be judged 

















Figure 4.2 Value tree of objectives, sub-objectives, performance measures, and suggested 
thresholds. Colors are correlated to the colors of the objectives, although the sub-objective “Cost 
of Treatment/Disposal” is shown in green because quality of water affects both the economic and 
environmental objectives. Text in red shows criteria evaluated in this study using the MAUT 
method. 
 
      One of the objectives most present in the mind of stakeholders in industry is the economic 
objective. Stakeholders want to choose the alternative with the lowest cost to them. There are a 
few sub-objectives that fall in this category. First, the upfront cost of the alternative must be 
estimated. If injecting into a disposal well, these costs will vary depending on if the well is 
commercial or private, with private wells being far less expensive than commercial wells 
(McCurdy, 2011). If treating the water for reuse, the cost of treatment must be estimated. This 
cost depends on the quality of the influent and the degree to which the water must be treated. 
TDS is used as the threshold for water quality since the salt content of the water drastically 
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Chen, 2014). Figure 4.3 shows the TDS concentration in produced water from oil and gas wells 
in the United States (USGS, 2016).  
 
 
Figure 4.3 TDS concentrations (ppm) in oil and gas basins in the United States. Data are from 
the USGS Produced Water Database. 
 
     The concentrations range from around 1,000 ppm to over 200,000 ppm. The cost of treatment 
will change significantly based on the salinity of the influent. The cost of transportation is 
another important economic consideration since transportation often represents large part of the 
total cost (Coday et al., 2015; Mauter & Palmer, 2014). This cost will vary depending on the 
distance between the source water and the intended use destination and the method of 
transportation. Piping produced water is often much less expensive than trucking it (Lamei, van 
der Zaag, & von Münch, 2008). NLCD land cover data shows how the land in the United States 
is currently used (Fig. 4.4) (Homer et al., 2015). For reuse scenarios other than hydraulic 





Figure 4.4 NLCD land use data for 2011. Urban areas are shown in red while agricultural areas 
are shown in brown and yellow. 
 
      Environmental considerations are important when considering agricultural reuse. In this 
objective as well as economic, water quality is very important. Soil degradation is much more 
probable when the salinity of the produced water is higher. Additionally, untreated produced 
water may damage crops due to concentrations of heavy metals and organic compounds. To 
lessen the risk of contaminants degrading the soil and to reduce possible plant uptake of 
contaminants, irrigated soils should have high permeability. This means the soils should be 
predominately composed of sandy or silty loams rather than clayey loams (A and B type soils) 
(Fig. 4.5). When comparing Fig. 4.4 and 4.5 it is apparent that some current agricultural areas 
exist on type A and B soils. Therefore, soil type is used as a performance measure for this 
objective. The risk of induced seismicity is also important to consider, though since this option is 
binary (deep-well disposal is used or not), it does not have a set performance measure. 
      In considering any alternative involving reuse, having access to an abundant source of water 
is extremely important. Since this problem focuses on the reuse of produced water, decision 
makers should focus on areas where produced water is present, namely in oil and gas and 
coalbed methane basins. Coalbed methane basins generally produce much more water than in 
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conventional oil and gas basins (this water is often much less saline as well). Figure 4.6 shows 




Figure 4.5 Soil types across the United States. Data are obtained from STATSGO. 
 





These basins frequently overlap, and therefore it is important to look at the quality of produced 
water within each well (Fig. 4.3). Also inherent in this objective is the idea that some areas of the 
country may not have abundant water sources (Fig. 4.7).  
 
Figure 4.7 River basins in the United States of Low to High water stress. Water stress is 
determined based on competition for water resources. Data are obtained from the World 
Resources Institute. 
 
In these areas, reuse alternatives may be viewed more favorably than disposal. 
      Finally, health effects are an important consideration when contemplating reuse of produced 
water. To minimize the risk of adverse health effects, decision makers should acknowledge the 
type of fluid used to hydraulically fracture since approximately 4-8% of this fluid will return to 
the surface in the well’s lifetime (Kondash, Albright, & Vengosh, 2017b). Some operators use 
freshwater to hydraulically fracture but a growing number are using slickwater. Slickwater is 
fluid that contains numerous chemicals intended to lower the viscosity of the fluid and thus 
enable higher pumping rates within the well. The reuse of this fluid retains a higher probability 
of health impacts, especially since the chemical makeup of slickwater is relatively unknown 
(Lester et al., 2015). The end use of the water is another significant health factor. The safest 
options are the alternatives with the largest degree of separation from produced water and the 
public. Therefore, disposal may be the safest option, followed by reuse for hydraulic fracturing 
purposes, reuse for agriculture, and finally reuse for municipal and industrial purposes. 
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4.3.4  Evaluate and compare alternatives 
The current study will use Multi-Attribute Utility Theory to rank criteria using weights 
from previous work (Dolan, Cath, & Hogue, in review). To simplify the study, only one 
alternative is analyzed. The alternative will be the reuse of produced water overall. Different 
basins are scored based on their respective feasibility of reuse. The criteria evaluated are quantity 
of produced water, quality of produced water, and water demand. Water quantity addresses the 
volume of produced water and transportation cost sub-objectives explained earlier. Water quality 
is shown as a performance measure for both the environmental and economic objectives. Water 
demand is shown as a sub-objective within the resource availability objective. Water quantity is 
scored depending on if the basin produces oil, gas, or coalbed methane. All scores are given on a 
scale from 0 to 1. Oil and gas basins were given a score of 0.5 and coalbed methane basins were 
given a score of 1 because coalbed methane basins produce more water than conventional oil and 
gas (J. A. Veil, Puder, Elcock, & Redweik Jr, 2004). Water quality was scored based on the 
average TDS concentration within each basin (USGS, 2016). The TDS concentrations are ranked 
within five classes based on the Jenks natural breaks system (Jenks, 1967). Lowest salinities 
correspond to the highest scores. These scores were normalized on a 0 to 1 scale (0.2, 0.4, 0.6, 
0.8, 1). Water demand is scored depending on if the basin is in Low, Low to Medium, Medium 
to High, or High water stress as determined by the World Resources Institute (Gassert, Landis, 
Luck, Reig, & Shiao, 2014). These scores were normalized on a 0-1 scale as well (0.25, 0.5, 
0.75, 1).  The criteria were given different combinations of the weights (all totaling to 45) in 
order to evaluate the sensitivities of the weights. This will show how the outcome of the MADA 
framework will vary depending on differing values of the stakeholders. 
        First, the criteria were assigned equal weights of 15 (Fig. 4.8). Western basins scored higher 
than eastern basins due to the higher quality of produced water and higher water demand. Next, 
the weighting scheme used in previous work was evaluated (Dolan, Cath, & Hogue, in review). 
Quantity was given a weight of 30, quality a weight of 10, and demand a weight of 5 (Fig. 4.9). 
This weighting scheme produces a similar score distribution to the first weighting scheme, 
although basins in the gulf area are now considered more feasible for reuse. Next, this weighting 
scheme was flipped so that quantity has a weight of 5, quality a weight of 10, and demand a 
weight of 30 (Fig. 4.10). Basins in the northeast were considered more feasible under this 
weighting scheme. Finally, we evaluated a weighting scheme that ranked quality highest at 30, 
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quantity at 10, and demand at 5 (Fig. 4.11). Here, many more basins are considered less feasible 
for reuse due to the high weight of water quality. It is apparent that scoring changes drastically 
depending on the weights given to the criteria by the stakeholders. Therefore, it is crucial that 
stakeholders be involved in deciding these weights. 
 
 
Figure 4.8  Basins are scored from 0-45 depending on criteria scores and weighting scheme. 
Quantity is weighted 15, quality is weighted 15, and demand is weighted 15. 
 
Figure 4.9 Basins are scored from 0-45 depending on criteria scores and weighting scheme. 




Figure 4.10 Basins are scored from 0-45 depending on criteria scores and weighting scheme. 
Quantity is weighted 5, quality is weighted 10, and demand is weighted 30. 
 
Figure 4.11 Basins are scored from 0-45 depending on criteria scores and weighting scheme. 
Quantity is weighted 10, quality is weighted 30, and demand is weighted 5. 
 
        If reuse in a basin is deemed feasible by the decision-makers, they must next look to 
different reuse options. These options will be decided based on local factors such as land use, 
regulations, and health criteria. Figure 4.12 shows NLCD data clipped to the extent of coalbed 
methane basins. Coalbed methane produced water generally exhibits TDS concentrations of less 
than 20,000 ppm (USGS, 2016) and produces a higher volume of water than conventional 
methods; therefore, these basins scored higher than others in most weighting schemes. Wells 
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within the areas that are closest to urban areas (shown in red in Fig. 4.12) could generate 
produced water for municipal and industrial reuse purposes. Wells nearer to agricultural areas 
(shown in brown and yellow in Fig. 4.12) could produce a viable source of irrigation water 
although these areas should be checked with the soil type in the area (Fig. 4.5) to determine the 
magnitude of environmental concerns. Central Illinois and Iowa stand out as agricultural areas in 
coalbed methane basins with A and B type soils.  
 
 
Figure 4.12 NLCD land use data clipped to the extent of coalbed methane basins. Urban areas 
are shown in red while agricultural areas are shown in brown and yellow. 
 
       However, the most preferable reuse alternative in most cases will be to reuse water in the 
hydraulic fracturing process. In this alternative, the water does not need to be transported far or 
treated to the high standards of other alternatives. Additionally, environmental damage is 
minimized since the water will simply return to the well. In the majority of cases, decision-
makers may choose this alternative since it meets all the objectives. However, in some cases, the 
amount of produced water generated by the well may be in excess of the water needed for 
hydraulic fracturing purposes. In this case, the other alternatives need to be considered.  
     Nicot et al. (2011) analyzed wells within the Barnett Shale and determined that the over the 
course of four years, most wells generated more produced water than the volume of water used 
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to hydraulically fracture the well (Nicot, Scanlon, Reedy, & Costley, 2014). This is also the case 
in some areas of Colorado (Dolan, Cath, & Hogue, in review).  
     These reuse alternatives, however, are only likely to be chosen if decision-makers highly 
weight the objective of obtaining new sources of water or limiting environmental degradation 
from induced seismicity. Currently, injecting produced water into disposal wells is the most used 
alternative within the United States (C. Clark & Veil, 2009). However, climate change and 
increasing populations will exacerbate water resources issues currently faced in the US. As the 
need for water increases, decision makers may look to reuse scenarios more and more.  
4.4  Conclusions 
      This study recommended some general areas in the US where reuse of produced water may 
be likely and evaluated the sensitivity of different weights for criteria. The recommended areas 
met the objectives of good water quality, proximity to wells, and permeable soils. If state 
regulators, operators, or farmers are interested in the potential of reusing produced water, they 
should consider the values listed in the value tree (Fig. 4.2) but expand on them. The results from 
the MAUT analysis showed the importance of involving stakeholders in the decision-making 
process. This includes farmers, operators, legislators, lawyers, engineers, and ordinary citizens. 
These stakeholders must then assign weights to the various criteria. This process will be difficult 
since different stakeholders will likely assign different weights to values. Several studies have 
examined this issue. One study by Cai et al. (2004) used the Tchebycheff algorithm to resolve 
this issue (Cai, Lasdon, & Michelsen, 2004).  The algorithm generates several of the most 
diverse objective weight vectors out of the given alternatives. Decision makers can then 
conjunctively decide which alternatives they prefer and the algorithm keeps iterating until only a 
handful of similar alternatives remain. After weights are assigned, more complicated decision 
analysis processes can be conducted such as MAUT or other methods such as AHP. This way, 
alternatives can be ranked against each other.  
     In order to promote collaborative decision-making among diverse stakeholders, several 
obstacles may need to be overcome, beginning with careful problem orientation analysis, such as 
mapping out stakeholders’ policy goals and values (T. W. Clark, 1992).  Collaborative 
governance methods may also prove useful in these decision processes.  Ansell and Gash (2008) 
list several conditions that are key to successful problem-solving via collaborative governance 
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(Ansell & Gash, 2008). Stakeholders must feel like the decision-making process is fair and that 
their opinions will affect the final outcome. In cases with a history of antagonism, stakeholders 
must first learn to trust each other. If the various parties do not trust each other, there is no 
incentive to cooperate. Additionally, power imbalances between parties will lead players to seek 
a unilateral solution to the issue. It is imperative that all stakeholders have equal power in the 
outcome of the issue and that all stakeholders trust one another. A mediator may be needed from 
a government office to ensure that all viewpoints are equally weighted in a fair and transparent 
process. The reuse of produced water will be highly dependent on regional specifications such as 
climate, regulations, industry, and cultural attitudes. While this study provided a brief overview 
of the decision context, decision makers must make an effort not to rush into defining 
alternatives. Doing so may leave out a crucial aspect of the problem and thus the alternatives will 
be nullified (T. W. Clark, 1992).  
      MADA may not be the solution to all difficult problems involving multiple objectives and 
attributes, but the standardized approach ensures that issues are comprehensively analyzed and 
facts and values are taken into consideration. This method has been around for several decades, 
though scientists are still collaborating with decision makers to enhance and perfect the process. 
The EPA has recently launched a software to aid in the structured decision making process 
(Bradley et al., 2016). The release of this software will undoubtedly prompt new studies in 
decision analysis.  
      Even if no decision is ultimately made, the process of decision analyis is extremely 
important. By including stakeholders from every aspect of the issue and asking them to talk 
about their values, decision analysis plays an important role in resolving a number of conflicts. 
As a scientific discipline, decision analysis puts a high premium on obtaining and using the right 
facts in the process. The combination of knowing relevant values and facts makes decision 
analysis an important diplomatic tool. Policymakers from every discipline can look at decision 









It is becoming increasingly apparent that the pursuit of sustainably managing water 
resources will be one of the most important challenges in the coming years. Global population 
continues to rise, thus increasing demand for a finite resource. Additionally, enhanced quality of 
life increases the amount of water used per capita. Climate change hinders efforts made to 
predict water resource availability and will magnify the water resource challenges currently 
faced around the globe. Especially in arid climates with growing populations such as the 
American west, new sources of water are needed to maintain the same quality of life across all 
sectors of the economy.  Produced water has been entertained by several states as a viable new 
source of water. The first section of this thesis analyzes the feasibility of reusing produced water 
specifically in Colorado. Colorado has experienced high population growth in the past decade, 
especially in the Denver metro area. Operators within Colorado have started reusing produced 
water in hydraulic fracturing operations and one town has started using produced water that was 
discharged into state waters for municipal use. The second portion of this work uses Multi-
Attribute Decision Analysis to assess the problem of handling produced water on a national scale 
and includes multiple reuse scenarios. 
5.1  Summary of chapter one 
The first chapter specifically looks at the possibility of using produced water for 
agriculture in Colorado. Agriculture is the main consumptive user of water in Colorado and the 
growth in populations has forced farmers to sell their water rights in a process known as “buy 
and dry.” This study used a decision matrix to determine the counties where reuse of produced 
water for agriculture is most feasible based on water demand and produced water quality and 
quantity. The top six counties were Weld, Washington, Las Animas, La Plata, Rio Blanco, and 
Garfield Counties. The ratio of produced water to oil and gas was examined in these counties. 
Washington, Rio Blanco, and Las Animas Counties were found to have high ratios of water to oil 
and gas. Additionally, the ratio of hydraulic fracturing fluid to produced water was found in 
these six counties to determine if excess produced water existed after reuse in hydraulic 
fracturing operations. Excess produced water existed in Rio Blanco, Washington, and Las 
Animas Counties. The IHS database was used to determine if slickwater or freshwater is used to 
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hydraulically fracture wells in these counties. Counties that use freshwater to hydraulically 
fracture may ease health concerns of reusing produced water since less contaminants will be 
present in the flowback water. Using a range of methods, the irrigation demand in these counties 
was determined as well as the volumetric impact of produced water on irrigation demand. 
Produced water can supply up to 60% of irrigation demand for food crops and up to 90% of 
irrigation demand for non-food crops in these counties. Finally, a decision selection tool was 
used to assess the economic feasibility of treating the produced water to agricultural standards in 
these counties. One of the proposed treatment trains consisted of a clarifier, walnut shell filters, 
air stripping, MVC, and SAR adjustment with a final cost of below $.50/bbl. This cost is more 
than operators pay for disposal in private injection wells but less than what operators pay for 
disposal in commercial injection wells. Future research building on this study could construct a 
treatment plant using the train recommended by the decision selection tool in one or more of the 
studied counties in order to compare calculated and real costs. 
5.2  Summary of chapter two 
The second chapter of the thesis provides a general overview of the decision of handling 
produced water. This decision is structured in the form of a Multiple-Attribute Decision Analysis 
(MADA) problem. A range of alternatives are defined for this problem, including: disposal in an 
injection well, reuse for hydraulic fracturing, reuse for agriculture, and reuse for municipal and 
industrial purposes. The objectives in this problem are: economic, environmental, resource 
availability, and health impacts. This study used the MAUT method of MADA to score different 
basins on the feasibility of reuse of produced water and evaluated the sensitivity of different 
weighting schemes. We found that the scores were very sensitive to different weights of criteria. 
This result highlights the importance of including all relevant stakeholders in the decision-
making process.  
 However decision makers resolve to deal with produced water, it is crucial that multiple 
stakeholders be involved in the process. Leaving stakeholders out of the conversation will only 
breed dissent and generate problems later on. Communicating core values from every affected 
stakeholder will lead to a fair answer to the problem that everyone will accept. As tensions rise 
over mounting stress of water resources, the decision of reusing produced water will be made 
more frequently. Future work could attempt to create a roundtable of all affected stakeholders 
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and address the problem of handing produced water using a more advanced form of decision 

























Abatzoglou, J. T. (2013). Development of gridded surface meteorological data for ecological 
applications and modelling. International Journal of Climatology, 33(1), 121–131. 
https://doi.org/10.1002/joc.3413 
Alberta Energy Regulator. (2013). What is Unconventional Oil and Gas? Retrieved January 22, 
2018, from https://www.aer.ca/about-aer/spotlight-on/unconventional-regulatory-
framework/what-is-unconventional-oil-and-gas 
Allen, R. G., Pereira, L. S., Raes, D., & Smith, M. (1998). Crop evapotranspiration: Guidelines 
for computing crop water requirements. In FAO (p. 300). 
https://doi.org/10.1016/j.eja.2010.12.001 
Allen, R. G., Pereira, L. S., Raes, D., Smith, M., & W,  a B. (1998). Crop evapotranspiration - 
Guidelines for computing crop water requirements - FAO Irrigation and drainage paper 56. 
Irrigation and Drainage, 1–15. https://doi.org/10.1016/j.eja.2010.12.001 
Ansell, C., & Gash, A. (2008). Collaborative governance in theory and practice. Journal of 
Public Administration Research and Theory, 18(4), 543–571. 
https://doi.org/10.1093/jopart/mum032 
ANZECC & ARMCANZ. (2000). Australian and New Zealand Guidelines for Fresh and Marine 
Water Quality. Book, 1(4), 314. https://doi.org/ISBN 09578245 0 5 
Barnett, T. P., Adam, J. C., & Lettenmaier, D. P. (2005). Potential impacts of a warming climate 
on water availability in snow-dominated regions. Nature, 438(7066), 303–309. 
https://doi.org/10.1038/nature04141 
Boryan, C., Yang, Z., Mueller, R., & Craig, M. (2011). Monitoring US agriculture: The US 
department of agriculture, national agricultural statistics service, cropland data layer 
program. Geocarto International, 26(5), 341–358. 
https://doi.org/10.1080/10106049.2011.562309 
Bradley, P., Fisher, W., Dyson, B., Yee, S., Carriger, J., Gambirazzio, G., … Huertas, E. (2016). 
Application of a Structured Decision Process for Informing Watershed Management 
Options in Guanica Bay, Puerto Rico, (January). Retrieved from www.epa.gov/ord 
Cai, X., Lasdon, L., & Michelsen, A. M. (2004). Group Decision Making in Water Resources 
Planning Using Multiple Objective Analysis. Journal of Water Resources Planning & 
Management, 130(1), 4–14. https://doi.org/10.1061/(ASCE)0733-9496(2004)130:1(4) 
California Water Boards. (2016). Food Safety Expert Panel Recycled Oilfield Water for Crop 
Irrigation, 2. Retrieved from 
http://www.waterboards.ca.gov/centralvalley/water_issues/oil_fields/food_safety/data/fact_
sheet/of_foodsafety_fact_sheet.pdf 
Campbell, P. (2014). Current population reports: 2010. United States Census Bureau, 
Washington D.C., P20-572, 1–38. Retrieved from 
http://www.census.gov/prod/2/pop/p25/p25-1131.pdf 
Cart, J. (2015). Central Valley’s growing concern: Crops raised with oil field water. Los 
53 
 
Angeles: Los Angeles Times. Retrieved from http://www.latimes.com/local/california/la-
me-drought-oil-water-20150503-story.html 
Chang, K. W., & Segall, P. (2016). Injection-induced seismicity on basement faults including 
poroelastic stressing. Journal of Geophysical Research: Solid Earth, 121(4), 2708–2726. 
https://doi.org/10.1002/2015JB012561 
Clark, C., & Veil, J. (2009). Produced Water Volumes and Management Practices in the United 
States. Argonne National Laboratory Report, 64. https://doi.org/10.2172/1007397 
Clark, T. W. (1992). Practicing natural resource management with a policy orientation. 
Environmental Management, 16(4), 423–433. https://doi.org/10.1007/BF02394119 
Coday, B. D., Miller-Robbie, L., Beaudry, E. G., Munakata-Marr, J., & Cath, T. Y. (2015). Life 
cycle and economic assessments of engineered osmosis and osmotic dilution for 
desalination of Haynesville shale pit water. Desalination, 369, 188–200. 
https://doi.org/10.1016/j.desal.2015.04.028 
COGCC Data. (2018). Retrieved January 9, 2018, from http://cogcc.state.co.us/#/home 
Curtis, A. E. (2014). Reuse of Produced Water: Relevant Law and Policy. White & Jankowski, 
LLP, 1–5. 
CWCB. (2010). Statewide Water Supply Initiative. 
CWCB. (2015). Colorado Water Plan. 
Dianich, D. F., & Gupta, J. N. D. (1983). Decision Analysis For Small Business. American 
Journal of Small Business, 8(2), 15–26. Retrieved from 
http://search.ebscohost.com/login.aspx?direct=true&db=buh&AN=5749859&site=ehost-
live 
Dolan, F. C., Cath, T. Y., & Hogue, T. S. (in review). Assessing the Feasibility of Using 
Produced Water for Agriculture in Colorado. Science of the Total Environment. 
Droogers, P., Immerzeel, W. W., & Lorite, I. J. (2010). Estimating actual irrigation application 
by remotely sensed evapotranspiration observations. Agricultural Water Management, 
97(9), 1351–1359. https://doi.org/10.1016/j.agwat.2010.03.017 
Ek, M. B. (2003). Implementation of Noah land surface model advances in the National Centers 
for Environmental Prediction operational mesoscale Eta model. Journal of Geophysical 
Research, 108(D22), 8851. https://doi.org/10.1029/2002JD003296 
Ellsworth, W. L. (2013). Injection-Induced Earthquakes. Science, 341(6142), 1225942–1225942. 
https://doi.org/10.1126/science.1225942 
EPA. (2016). Technical Development Document for the Effluent Limitations Guidelines and 
Standards for the Oil and Gas Extraction Point Source Category Technical Development 
Document for the Effluent Limitations Guidelines and Standards for the Oil and Gas 
Extraction P. United States Environmental Protection Agency, EPA-820-R-(June). 
Failing, L., Gregory, R., & Harstone, M. (2007). Integrating science and local knowledge in 
environmental risk management: A decision-focused approach. Ecological Economics, 
64(1), 47–60. https://doi.org/10.1016/j.ecolecon.2007.03.010 




Farg, E., Arafat, S. M., Abd El-Wahed, M. S., & El-Gindy, A. M. (2012). Estimation of 
Evapotranspiration ET c and Crop Coefficient K c of Wheat, in south Nile Delta of Egypt 
Using integrated FAO-56 approach and remote sensing data. Egyptian Journal of Remote 
Sensing and Space Science, 15(1), 83–89. https://doi.org/10.1016/j.ejrs.2012.02.001 
FracFocus. (2014). Hydraulic Fracturing Fluid Product Component Information Disclosure - 
Apache Canada, 0–1. Retrieved from 
http://fracfocus.ca/find_well/download/AB/0595193404000 
FracFocus. (2015). Why Chemicals Are Used _ FracFocus Chemical Disclosure Registry. 
Retrieved from https://fracfocus.org/chemical-use/why-chemicals-are-used 
G., D., & Papadavi, G. (2013). Remote Sensing for Determining Evapotranspiration and 
Irrigation Demand for Annual Crops. Remote Sensing of Environment - Integrated 
Approaches, 25–56. https://doi.org/10.5772/39305 
Gallegos, T. J., Varela, B. A., Haines, S. S., & Engle, M. A. (2015). Hydraulic fracturing water 
use variability in the United States and potential environmental implications. Water 
Resources Research, 51(7), 5839–5845. https://doi.org/10.1002/2015WR017278 
Gassert, F., Landis, M., Luck, M., Reig, P., & Shiao, T. (2014). Aqueduct Global Maps 2.1: 
Constructing decision-relevant global water risk indicators. World Resources Institute, 
(April), 31. 
Geza, M., Xu, P., Kim, H. J., Ma, G., & Cath, T. (2016). An Integrated Decision Support Tool (i-
DST) for Treatment and Beneficial Use of Produced Water (Version 2.0) User Manual. 
SpringerReference. https://doi.org/10.1007/SpringerReference_28001 
Gontia, N. K., & Tiwari, K. N. (2010). Estimation of crop coefficient and evapotranspiration of 
wheat (Triticum aestivum) in an irrigation command using remote sensing and GIS. Water 
Resources Management, 24(7), 1399–1414. https://doi.org/10.1007/s11269-009-9505-3 
Guglielmi, Y., Cappa, F., Avouac, J. P., Henry, P., & Elsworth, D. (2015). Seismicity triggered 
by fluid injection-induced aseismic slip. Science, 348(6240), 1224–1226. 
https://doi.org/10.1126/science.aab0476 
Harvey, K. C., & Brown, D. E. (2005). Managed Irrigation for the Beneficial Use of Coalbed 
Natural Gas Produced Water : The Fidelity Experience, (October), 1–19. 
Homer, C. G., Dewitz, J. A., Yang, L., Jin, S., Danielson, P., Xian, G., … Megown, K. (2015). 
Completion of the 2011 National Land Cover Database for the conterminous United States-
Representing a decade of land cover change information. Photogrammetric Engineering 
and Remote Sensing, 81(5), 345–354. https://doi.org/10.14358/PERS.81.5.345 
I., C., L., B., C., B., M., F., J., M., & A., C. (2012). Remote sensing based water balance to 
estimate evapotranspiration and irrigation water requirements. Case study: grape vineyards. 
Otions Méditerranéennes. Series B: Studies and Research, 67, 85–94. Retrieved from 
http://om.ciheam.org/om/pdf/b67/00006599.pdf 
Igunnu, E. T., & Chen, G. Z. (2014). Produced water treatment technologies. International 
Journal of Low-Carbon Technologies, 9(3), 157–177. https://doi.org/10.1093/ijlct/cts049 
55 
 
Islam, A., Ahuja, L. R., Garcia, L. A., Ma, L., Saseendran, A. S., & Trout, T. J. (2012). Modeling 
the impacts of climate change on irrigated corn production in the Central Great Plains. 
Agricultural Water Management, 110, 94–108. https://doi.org/10.1016/j.agwat.2012.04.004 
Jenks, G. F. (1967). The data model concept in statistical mapping. International Yearbook of 
Cartography, 7(1), 186–190. https://doi.org/citeulike-article-id:8241517 
Keeney, R. L. (1982). Feature Article—Decision Analysis: An Overview. Operations Research, 
30(5), 803–838. https://doi.org/10.1287/opre.30.5.803 
Keeney, R. L., & Raiffa, H. (1993). Decisions with multiple objectives–preferences and value 
tradeoffs. Behavioral Science (Vol. 39). https://doi.org/10.1002/bs.3830390206 
Kiker, G. A., Bridges, T. S., Varghese, A., Seager, T. P., & Linkov, I. (2005). Application of 
Multicriteria Decision Analysis in Environmental Decision Making. Integrated 
Environmental Assessment and Management, 1(2), 95. 
https://doi.org/10.1897/IEAM_2004a-015.1 
Kondash, A. J., Albright, E., & Vengosh, A. (2017a). Quantity of flowback and produced waters 
from unconventional oil and gas exploration. Science of the Total Environment, 574, 314–
321. https://doi.org/10.1016/j.scitotenv.2016.09.069 
Kondash, A. J., Albright, E., & Vengosh, A. (2017b). Quantity of flowback and produced waters 
from unconventional oil and gas exploration. Science of the Total Environment, 574, 314–
321. https://doi.org/10.1016/j.scitotenv.2016.09.069 
Koster, R. D., & Suarez, M. J. (1994). The components of a SVAT Scheme and Their Effects on 
a Gcms Hydrological Cycle. Advances in Water Resources, 17, 61–78. 
https://doi.org/10.1016/0309-1708(94)90024-8 
Lamei, A., van der Zaag, P., & von Münch, E. (2008). Basic cost equations to estimate unit 
production costs for RO desalination and long-distance piping to supply water to tourism-
dominated arid coastal regions of Egypt. Desalination, 225(1–3), 1–12. 
https://doi.org/10.1016/j.desal.2007.08.003 
Lazzara, P., & Rana, G. (2010). The crop coefficient ( K c ) values of the major crops grown 
under Mediterranean climate. Italian Journal of Agrometeorology, 15(2), 25–40. 
Lester, Y., Ferrer, I., Thurman, E. M., Sitterley, K. A., Korak, J. A., Aiken, G., & Linden, K. G. 
(2015). Characterization of hydraulic fracturing flowback water in Colorado: Implications 
for water treatment. Science of the Total Environment, 512–513, 637–644. 
https://doi.org/10.1016/j.scitotenv.2015.01.043 
Li, H. (2013). Produced water quality characterization and prediction for Wattenberg field. 
Colorado State University. https://doi.org/10.1017/CBO9781107415324.004 
Liang, X., Lettenmaier, D. P., Wood, E. F., & Burges, S. J. (1994). A simple hydrologically 
based model of land surface water and energy fluxes for general circulation models. Journal 
of Geophysical Research, 99(D7), 14415. https://doi.org/10.1029/94JD00483 
Maule, A. L., Makey, C. M., Benson, E. B., Burrows, I. J., & Scammell, M. K. (2013). 
Disclosure of Hydraulic Fracturing Fluid Chemical Additives: Analysis of Regulations. 




Mauter, M. S., & Palmer, V. R. (2014). Expert Elicitation of Trends in Marcellus Oil and Gas 
Wastewater Management. Journal of Environmental Engineering, 140(5), B4014004. 
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000811 
McCurdy, R. (2011). Underground injection wells for produced water disposal. Proceedings of 
the Technical Workshops for the Hydraulic Fracturing Study: Water Resources 
Management. Retrieved from https://user-content.perma.cc/media/2014/10/19/5/37/3WF-
8E9B/cap.pdf 
McGuire, K. (2007). Uncharted waters for Wellington – The Denver Post. Retrieved January 9, 
2018, from https://www.denverpost.com/2007/08/12/uncharted-waters-for-wellington/ 
Mclane, R., & Dingess, J. (2014). The Role of Temporary Changes of Water Rights in Colorado. 
University of Denver Water Law Review, 17(2), 293–328. 
Nicot, J. P., Scanlon, B. R., Reedy, R. C., & Costley, R. A. (2014). Source and fate of hydraulic 
fracturing water in the barnett shale: A historical perspective. Environmental Science and 
Technology, 48(4), 2464–2471. https://doi.org/10.1021/es404050r 
Po, M., Kaercher, J. D., & Nancarrow, B. E. (2003). Literature Review of Factors Influencing 
Public Perceptions of Water Reuse. CSIRO Land and Water Technical Report, 54(3), 1–44. 
Prism Climate Group. (2016). Prism precipitation and maximum temperature data sets. Retrieved 
from http://prism.oregonstate.edu 
Riley, S. M., Ahoor, D. C., Regnery, J., & Cath, T. Y. (2018). Tracking oil and gas wastewater-
derived organic matter in a hybrid biofilter membrane treatment system: A multi-analytical 
approach. Science of the Total Environment, 613–614, 208–217. 
https://doi.org/10.1016/j.scitotenv.2017.09.031 
Rosenblum, J., Nelson, A. W., Ruyle, B., Schultz, M. K., Ryan, J. N., & Linden, K. G. (2017a). 
Temporal characterization of flowback and produced water quality from a hydraulically 
fractured oil and gas well. Science of the Total Environment, 596–597, 369–377. 
https://doi.org/10.1016/j.scitotenv.2017.03.294 
Rosenblum, J., Nelson, A. W., Ruyle, B., Schultz, M. K., Ryan, J. N., & Linden, K. G. (2017b). 
Temporal characterization of flowback and produced water quality from a hydraulically 
fractured oil and gas well. Science of the Total Environment, 596–597, 369–377. 
https://doi.org/10.1016/j.scitotenv.2017.03.294 
Saaty, T. L. (1980). The Analytic Hierarchy Process. Education, 1–11. 
https://doi.org/10.3414/ME10-01-0028 
Schaffer, J. D. (1985). Multiple objective optimization with vector evaluated genetic algorithms. 
The 1st International Conference on Genetic Algorithms, (JANUARY 1985), 93–100. 
Retrieved from http://dl.acm.org/citation.cfm?id=657079 
Schlager, E., & Heikkila, T. (2011). Left High and Dry? Climate Change, Common-Pool 
Resource Theory, and the Adaptability of Western Water Compacts. Public Administration 
Review, 71(3), 461–470. https://doi.org/10.1111/j.1540-6210.2011.02367.x 
Senay, G. B., Gowda, P. H., Bohms, S., Howell, T. A., Friedrichs, M., Marek, T. H., & Verdin, J. 
P. (2014). Evaluating the SSEBop approach for evapotranspiration mapping with landsat 
data using lysimetric observations in the semi-arid Texas High Plains. Hydrology and Earth 
57 
 
System Sciences Discussions, 11(1), 723–756. https://doi.org/10.5194/hessd-11-723-2014 
Seppala, J., Basson, L., & Norris, G. A. (2002). Frameworks for Life-Cycle. Technology, 5(4). 
Shaffer, D. L., Arias Chavez, L. H., Ben-Sasson, M., Romero-Vargas Castrillón, S., Yip, N. Y., 
& Elimelech, M. (2013). Desalination and reuse of high-salinity shale gas produced water: 
Drivers, technologies, and future directions. Environmental Science and Technology, 
47(17), 9569–9583. https://doi.org/10.1021/es401966e 
Shariq, L. (2013). Uncertainties associated with the reuse of treated hydraulic fracturing 
wastewater for crop irrigation. Environmental Science and Technology, 47(6), 2435–2436. 
https://doi.org/10.1021/es4002983 
Soil Survey Staff. (2009). Soil Survey Geographic (SSURGO) Database for [U.S.]. Retrieved 
from http://soildatamart.nrcs.usda.gov 
Stewart, D. R., & Takichi, L. (2005). Beneficial Use of Produced Water : A Case Study of 
Projects in Colorado and Wyoming, (2). 
Szép, A., & Kohlheb, R. (2010). Water treatment technology for produced water. Water Science 
and Technology, 62(10), 2372–2380. https://doi.org/10.2166/wst.2010.524 
Thorne, C. L., & Caile, W. H. (2013). Produced Water Extraction From Oil and Gas Wells : 
Implications for Western Water Rights. Nat. Resources & Env’t, 16–19. 
Thornton, J. G., Lilford, R. J., & Johnson, N. (1992). Decision analysis in medicine. British 
Medical Journal, 304(April), 1099–1103. https://doi.org/10.1136/bmj.304.6834.1099 
Thurman, E. M., Ferrer, I., Blotevogel, J., & Borch, T. (2014). Analysis of hydraulic fracturing 
flowback and produced waters using accurate mass: Identification of ethoxylated 
surfactants. Analytical Chemistry, 86(19), 9653–9661. https://doi.org/10.1021/ac502163k 
Trenberth, K. E. (2011). Changes in precipitation with climate change. Climate Research, 47(1–
2), 123–138. https://doi.org/10.3354/cr00953 
U.S.A. (2007). Energy Independence and Security Act of 2007. Public Law, 110–140. 
https://doi.org/papers2://publication/uuid/364DB882-E966-450B-959F-AEAD6E702F42 
US Data Online: Well and Production Data | IHS Markit. (2018). Retrieved January 9, 2018, 
from https://www.ihs.com/products/us-data-online.html 
US DOE. (2016). FY 2017 Department of Energy Budget Request Fact Sheet, 1–4. Retrieved 
from http://energy.gov/fy-2017-department-energy-budget-request-fact-sheet 
US EPA. (2017). Secondary Drinking Water Standards: Guidance for Nuisance Chemicals. US 
EPA. Retrieved from https://www.epa.gov/dwstandardsregulations/secondary-drinking-
water-standards-guidance-nuisance-chemicals#table 
USDA. (2014). 2012 Census of Agriculture: United States Summary and State Data. USDA 
National Agricultural Statistics Service, 1(51), 1–695. https://doi.org/AC-12-A-51 
USGS. (2016). USGS Groundwater Data for the Nation. Retrieved from 
http://waterdata.usgs.gov/nwis/gw 
Veil, J. A., Puder, M. G., Elcock, D., & Redweik Jr, R. J. (2004). A white paper describing 
produced water from production of crude oil, natural gas, and coal bed methane. Argonne 
58 
 
National Laboratory (ANL). Retrieved from 
http://109.4iranian.com/uploads/prodwaterpaper_1270.pdf 
Veil, J., & Environmental, V. (2012). U . S . Produced Water Volumes and Management 
Practices in, (April 2015). 
von Winterfeldt, D., & Edwards, W. (2007). Defining a decision analytic structure. In Advances 
in Decision Analysis: From Foundations to Applications (pp. 81–103). 
https://doi.org/10.1017/CBO9780511611308.007 
Waldron, J. (2005). Produced water reuse at the Kern River Oil Field. Southwest Hydrology, 





Webb, C. T., Ferrari, M., Lindström, T., Carpenter, T., Dürr, S., Garner, G., … Tildesley, M. 
(2017). Ensemble modelling and structured decision-making to support Emergency Disease 
Management. Preventive Veterinary Medicine, 138, 124–133. 
https://doi.org/10.1016/j.prevetmed.2017.01.003 
Weber, M., & Borcherding, K. (1993). Behavioral influences on weight judgments in 
multiattribute decision making. European Journal of Operational Research. 
https://doi.org/10.1016/0377-2217(93)90318-H 
Weschenfelder, S. E., Mello, A. C. C., Borges, C. P., & Campos, J. C. (2015). Oilfield produced 
water treatment by ceramic membranes: Preliminary process cost estimation. Desalination, 
360, 81–86. https://doi.org/10.1016/j.desal.2015.01.015 
Xia, Y., Mitchell, K., Ek, M., Sheffield, J., Cosgrove, B., Wood, E., … Mocko, D. (2012). 
Continental-scale water and energy flux analysis and validation for the North American 
Land Data Assimilation System project phase 2 (NLDAS-2): 1. Intercomparison and 
application of model products. J. Geophys. Res., 117(D3), D03109. 
https://doi.org/10.1029/2011jd016048 
Xu, P., Drewes, J. E., & Heil, D. (2008). Beneficial use of co-produced water through membrane 
treatment: technical-economic assessment. Desalination, 225(1–3), 139–155. 
https://doi.org/10.1016/j.desal.2007.04.093 
Yoon, K. (1989). The propagation of errors in multiple-attribute decision analysis: A practical 








APPENDIX A  
ADDITIONAL TABLES 
 
Table A.1 Decision matrix for all counties. The weights for each category were subjective. Need 
was given a weight of 5, quality a weight of 10 and quantity a weight of 30. The counties were 
scored on these parameters using the Jenks natural breaks system from 1 to 10. 
Table A.1 cont. 
County Quantity (30) Quality  (10) Need (5) SCORES 
Adams 2 6 6 150 
Alamosa   6 30 
Arapahoe 2 6 4 140 
Archuleta 2 5 3 125 
Baca 3 4 7 165 
Bent  3 5 55 
Boulder 1 9 4 140 
Broomfield 1  1 35 
Chaffee   3 15 
Cheyenne 7 4 6 280 
Clear Creek   1 5 
Conejos   5 25 
Costila   4 20 
Crowley  2 7 55 
Custer   3 15 
Delta 1 5 5 105 
Denver  6 1 65 
Dolores 2 2 3 95 
Douglas  8 3 95 
Eagle  3 3 45 
Elbert 1 9 5 145 
El Paso  7 5 95 
Fremont 1 8 4 130 
Garfield 8 3 4 290 
Gilpin   1 5 
Grand  10 3 115 
Gunnison 2  3 75 
Hinsdale   1 5 
Huerfano 1 7 3 115 
Jackson 3 7 4 180 
Jefferson   3 15 
Kiowa 3 3 6 150 
Kit Carson 1 4 9 115 
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Table A.1 cont. 
County Quantity (30) Quality  (10) Need (5) SCORES 
Lake    1 5 
La Plata 8 5 4 310 
Larimer 4 7 7 225 
Las Animas 9 9 4 380 
Lincoln 3 6 6 180 
Logan 5 7 9 265 
Mesa 3 4 6 160 
Mineral   1 5 
Moffat 6 5 4 250 
Montezuma 1 1 5 65 
     
Montrose  2 6 50 
Morgan 4 6 9 225 
Otero  8 7 115 
Ouray   2 10 
Park   3 15 
Phillips 1 7 8 140 
Pitkin  6 2 70 
Prowers 1 3 8 100 
Pueblo  9 5 115 
Rio Blanco 10 4 4 360 
Rio Grande   6 30 
Routt 1 8 5 135 
Saguache   6 30 
San Juan    0 
San Miguel 1 1 2 50 
Sedgwick 1  6 60 
Summit   1 5 
Teller   1 5 
Washington 7 9 8 340 
Weld 8 4 10 330 








Table A.1 Land use percentages derived from the USDA-NASS Cropland Data Layer for the six 
counties 
Table A.2 cont. 
Land Use Type Weld Las 
Animas 




Alfalfa 4.35 0.33 4.91 0.50 2.05 0.58 
Apples NA NA NA NA 0.00 0.00 
Background 0.01 NA NA NA 0.01 0.01 
Barley 0.69 0.00 0.00 NA 0.01 NA 
Barren 0.09 0.11 2.31 0.00 1.34 0.98 
Canola 0.00 NA NA 0.00 0.00 NA 
Carrots 0.02 NA NA NA NA NA 
Corn 5.51 0.03 0.00 5.09 0.01 0.00 
Dbl. Crop WinWht/Corn NA NA NA 0.02 NA NA 
Deciduous Forest 0.06 1.70 26.79 0.03 19.52 18.14 
Developed/High Intensity 0.07 0.00 0.01 0.00 0.01 0.00 
Developed/Low Intensity 0.96 0.11 0.47 0.07 0.48 0.15 
Developed/Medium 
Intensity 
0.36 0.01 0.14 0.01 0.09 0.02 
Developed/Open Space 2.46 0.43 0.43 3.02 0.78 0.21 
Dry Beans 0.71 0.00 0.00 0.04 0.00 NA 
Durum Wheat NA NA NA NA 0.00 NA 
Evergreen Forest 0.01 17.79 32.87 0.00 40.09 37.36 
Fallow/Idle Cropland 6.31 0.36 0.11 15.21 0.33 0.04 
Grassland Herbaceous 69.40 63.28 9.60 51.13 5.90 1.96 
Herbaceous Wetlands 0.90 0.13 0.04 0.03 0.00 0.00 
Millet 0.83 0.00 NA 4.97 NA NA 
Misc. Vegs. & Fruits 0.00 NA NA NA NA NA 
Mixed Forest 0.00 0.19 0.83 NA 1.54 1.11 
Oats 0.09 0.02 0.07 0.04 0.02 0.00 
Onions 0.17 0.00 NA 0.00 0.00 NA 
Open Water 0.91 0.03 0.26 0.15 0.42 0.10 
Other Hay 2.71 0.01 0.25 0.91 1.82 1.32 
Other Tree Fruits NA NA 0.00 NA 0.00 0.00 
Peppers NA 0.00 NA NA NA NA 
Peaches NA NA 0.04 NA NA NA 
Perennial Ice/Snow NA 0.00 0.00 NA NA NA 
Potatoes 0.04 0.00 NA 0.00 0.00 NA 
Pumpkins 0.00 0.00 NA NA NA NA 
Rye 0.01 0.00 24.89 0.03 NA 0.00 
Safflower NA NA 0.00 NA NA 0.00 
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Table A.2 cont. 
Land Use Type Weld Las 
Animas 




Shrubland 0.12 15.45 0.00 0.00 26.71 38.22 
Sorghum 0.05 0.06 NA 0.14 NA NA 
Soybeans 0.00 0.00 0.02 0.05 NA NA 
Speltz 0.00 NA 0.00 NA NA NA 
Spring Wheat 0.04 0.00 0.00 0.00 0.01 0.01 
Squash 0.00 NA NA NA NA NA 
Sugarbeets 0.55 0.00 NA 0.02 NA NA 
Sunflower 0.25 0.00 NA 0.37 NA NA 
Sweet Corn NA NA 0.04 NA NA 0.00 
Triticale 0.21 0.00 0.83 0.06 0.00 0.00 
Vetch 0.00 NA NA 0.00 NA NA 
Watermelons NA 0.00 NA NA NA NA 
Winter Wheat 5.74 0.08 0.04 18.46 0.13 0.04 
Woody Wetlands 0.71 0.21 0.83 0.12 0.77 0.32 
 
Table A.2 Input water quality parameters for the basins run in the iDST and agricultural water 
quality standards 











Alkalinity (as CaCO3) 852.50 137.67 1099.09 none 475.00 
Alkalinity-
Bicarbonate 
0.00 0.00 1113.29 none   
Alkalinity-Carbonate 0.00 0.00 53.42 none   
Aluminum 0.46 2.94 0.18 0.20 0.01 
Ammonia 268.95 22.63 0.00 3.00   
Arsenic (III) 0.00 0.00 0.01 0.01   
Arsenic (V) 0.00 0.04 0.00 0.01   
Asbestos 0.00 0.00 0.00 none   
Barium 2.55 640.00 1.62 2.00 13.70 
Benzene 1.20 0.01 6.39 0.01   
Beryllium 0.00 0.04 0.00 0.00   
Boron 26.90 1.72 0.40 none   
Bromide 446.25 112.37 5.71 none 168.50 
BTEX 0.00 0.00 0.00 none   
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Cadmium 0.00 0.02 0.00 0.01   
Calcium 1082.00 980.67 17.72 none 266.90 
Chloride 23052.50 12306.67 849.19 250.00 11650.00 
Chlorobenzene 0.00 0.01 0.00 0.10   
Chromium, total 0.12 0.28 0.10 0.10   
Cobalt,total 0.01 0.50 0.00 none   
Color 0.00 0.00 0.00 none   
Copper 0.20 0.18 0.09 1.30   
Corrosivity 0.00 0.00 0.00 none   
Cyanide 10.80 0.00 0.37 0.20   
Ethylbenzene 0.00 0.01 0.77 0.70   
Ethylene Dibromide 0.00 0.00 0.00 0.00   
Fluoride 4.28 0.73 4.27 2.00   
Iron (II) 0.00 0.00 8.45 0.30   
Iron (III) 24.90 105.73 0.00 0.30 19.20 
Lead 0.02 0.17 0.02 0.02   
Lithium 14.01 17.75 0.33 none   
Magnesium 172.00 85.83 3.85 none 38.10 
Manganese 0.79 1.73 0.13 0.05 0.34 
Mercury 0.00 0.00 0.00 0.00   
Molybdenum 0.03 0.32 0.00 none   
Nickel 0.04 0.27 0.01 none   
Nitrate (as N) 268.95 1.21 0.00 10.00   
Nitrite (as N) 318.53 1.13 0.00 1.00   
odor 0.00 0.00 0.00 none   
Dissolved oil 0.00 0.00 0.00 none   
Oil and Grease 513.15 5.63 9.10 none   
o-Phosphate 0.00 0.00 0.04 none   
pH 7.13 6.93 8.19 none 6.80 
Potassium 213.50 58.17 7.13 none 30.20 
Radioactivity, Gross 
Alpha 
0.00 0.00 10.73 none   
Radioactivity, Gross 
Beta 
0.00 0.00 15.18 15.00   
Radium-226 + 
Radium-228 
0.00 0.00 0.46 4.00   
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Rd 226+222+228 0.00 0.00 34.58 5.00   
Selenium 0.03 0.05 0.02 none   
Selenate 0.00 0.00 0.00 0.05   
Silica (SiO2) 0.00 0.00 7.05 none   
Silver 0.00 0.05 0.01 0.10   
Sodium 13327.50 5243.33 1018.99 none 6934.00 
Sodium Adsorption 
Ratio (SAR) 
0.00 0.00 57.04 none   
Specific Conductance 0.00 4374.67 3112.16 none   
Strontium 330.50 232.23 5.87 none 40.00 
Strontium-90 0.00 0.00 0.00 none   
Sulfate 689.00 15.00 34.28 250.00 8.70 
TDS (calc) 37800.00 24296.67 3137.87 500.00 18756.00 
Temperature 0.00 0.00 44.85 none   
Thallium, total 0.00 0.10 0.00 0.00   
Toluene 1.25 0.00 7.54 1.00   
Total Hardness 4000.00 3986.67 0.00 none   
Total Nitrogen (as N) 0.00 0.00 2.56 none 36.00 
Total Organic Carbon 
(TOC) 
28.63 35.90 1.74 none 504.00 
Total Petroleum 
Hydrocarbons 
0.00 0.00 0.00 none   
Total Suspended 
Solids (TSS) 
197.50 516.27 100.00 30.00 172.00 
Turbidity 184.50 0.00 0.00 none 223.00 
Uranium 0.00 0.00 0.23 30.00   
Vanadium, total 0.00 0.00 0.00 none   
Xylenes (total) 0.43 0.00 9.92 10.00   
Zinc 0.18 0.70 0.07 5.00   
Total solids 0.00 0.00 0.00 30.00   
BOD5 446.50 34.83 0.00 30.00   
COD 2215.00 4599.00 0.00 none 2543.00 
viruses 0.00 0.00 0.00 none   
Bacteria 0.00 0.00 0.00 none   




Table A.3 Crop coefficients based on FAO reports 
  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Winter 
Wheat 
0.6 0.6 0.6 0.6 0.9             0.6 
Corn       0.3 0.6 0.8 1.2 0.5         
Alfalfa     0.4 0.4 0.5 0.6 0.7 0.8 0.8 0.9     
Sun-
flower 
      0.35 0.6 0.8 1 0.35         
Sugar 
Beet 
0.9 1.2 1.2 0.9 0.7           0.35 0.6 
Oat       0.3 0.7 1.15 0.25           
Spring 
Wheat 
    0.5 0.8 1.15 1.15 0.3           
Soybean         0.5 0.8 1.15 1.15 0.5       
Sor-
ghum 
      0.7 0.9 1.1 0.55           
Dry 
Bean 
          0.4 0.8 1.15 0.35       
Millet       0.3 0.6 1 1 0.3         
Barley 0.6 0.9 1.15 1.15 0.4             0.3 
Onions 0.7 0.85 1.05 1.05 1.05 0.9 0.75           
Potatoes 0.5 0.8 1.15 0.5                 
 
